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RÉSUMÉ 
snoDB: An Interconnected Online Database of Human snoRNA 
 
Par 
Philia Bouchard-Bourelle 
Biochimie 
 
Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention 
du diplôme de maîtrise ès sciences (M.Sc.) en Biochimie, Faculté de médecine et des 
sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 
 
L’ARN est bien plus qu’une molécule transitoire entre l’ADN et les protéines. Au-delà des 
ARN encodant des protéines, on trouve un vaste éventail d’ARN non-codants qui 
demeurent encore sous-étudiés. Ces ARN ont été découverts dans les années 1960, mais ce 
n’est qu’au tournant du siècle que leur incroyable prévalence en cellule a pu être confirmée 
avec la venue de méthodes de séquençage d’ARN à haut débit. Les expériences à haut débit 
ont également augmenté de façon exponentielle la quantité de données sur l’ARN créant un 
besoin pour des outils bio-informatiques permettant leur analyse et leur stockage. Un des 
premiers, et des plus abondant, type d’ARN non-codant à être découvert sont les petit ARN 
nucléolaires (snoRNA). Canoniquement caractérisés comme guides de modifications 
spécifiques dans l’ARN ribosomal, ces petits ARN hautement conservés ont maintenant 
une liste variée de fonctions non-canoniques, notamment au niveau de l’expression 
génique, ainsi qu’un nombre croissant d’associations à une panoplie de maladies et de 
cancer. Considérant la littérature grandissante sur les snoRNA chez l’humain, ainsi que leur 
connexion maintenant apparente à plusieurs domaines de recherche variés, un 
regroupement accessible de ce large spectre d’information est maintenant indispensable. 
Malheureusement, les bases de données en ligne de snoRNA humain, snoRNABase, 
snOPY, et snoRNA Atlas, ne sont plus à jour ou sont trop pointues au niveau de leurs 
données. De plus, elles figurent peu ou pas de données d’interactions non-canonique et/ou 
d’expression. Nous avons donc créé snoDB : une base de données interactive de snoRNA 
humain qui contient des données sur leurs fonctions non-canoniques, trouvées à travers la 
littérature, des données d’expression dans une panoplie de tissus, et bien plus. 
Contrairement à ces prédécesseurs, snoDB offre une visualisions sélectives de son plus 
large éventail de données, au sein d’une table interactive aux options de recherche 
abondantes. Les données d’expression peuvent également être visualisées dans la même 
page, sous forme de carte de chaleur, grâce à l’application sœur de snoDB : snoTHAW. 
snoDB se démarque aussi par sa connectivité à plus d’une douzaine de ressources incluant 
le consortium RNAcentral, la plus grande base de données d’ARN non-codant, dont snoDB 
fais maintenant parti. Les données de ces ressources ont été acquises puis jointe ensemble 
dans une base de données relationnel postgreSQL. De plus, elles sont toutes en lien dans la 
table de snoDB afin de facilement pouvoir corroborer l’information visible, ainsi 
qu’accéder aux fonctionnalités des autres sites. Enfin, snoDB a été construit pour être facile 
à mettre à jour afin d’assurer ces contributions à la recherche pour de nombreuses années. 
 
Mots clés : Petits ARN nucléolaire, Bio-informatique, Base de données (PostgreSQL), 
Séquençage d’ARN, Intéractions ARN-ARN, Datatables,  
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SUMMARY 
snoDB: An Interconnected Online Database of Human snoRNA 
 
By 
Philia Bouchard-Bourelle 
Biochemistry 
 
Thesis presented to the Faculty of medicine and health sciences for the obtention of Master 
degree diploma maîtrise ès sciences (M.Sc.) in Biochemistry, Faculty of medicine and 
health sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 
 
RNA is more than just a transitory molecule between DNA and proteins. Beyond the scope 
of protein-coding RNAs lies a vast underexplored landscape of non-coding RNAs 
(ncRNA). These RNAs have been slowly uncovered since the 1960s but it took until the 
turn of the century, and the advent of high-throughput RNA-Sequencing methodologies, for 
us to finally see how dominated by ncRNAs the transcriptome really is. High-throughput 
experiments also exponentially expanded the amount of data on RNA and created a need 
for bioinformatics tools for their analysis and storage. One of the first, and most abundant, 
ncRNA types to be discovered was small nucleolar RNAs (snoRNAs). Canonically pegged 
as guides for the modification of pre-ribosomal RNAs, these highly conserved RNAs now 
boast a diverse list of crucial non-canonical roles, notably in gene expression, as well as 
being associated to a myriad of diseases and cancers. Considering the growing body of 
literature surrounding snoRNAs in humans, and their increasing connections to a broad 
range of fields of study, having an accessible and comprehensive assessment of these data 
has become essential. Unfortunately, existing online human snoRNA databases, 
snoRNABase, snOPY, and snoRNA Atlas, are either outdated or too narrow in scope, 
focusing almost exclusively on canonical snoRNA interactions and lacking expression data. 
As such, we have created snoDB: a modern, interactive database of human snoRNAs with 
curated data on non-canonical snoRNA interactions, expression data in a growing range of 
tissues and cell lines, and more. Unlike the old snoRNA databases, snoDB features 
extensive visualisation and filtering capabilities, allowing for its larger array of data to be 
selectively viewed in an interactive and customizable table. Expression data can be further 
visualised in interactive heatmaps thanks to snoDB’s sister tool: snoTHAW. snoDB also 
innovates by being much more interconnected with other resources. Data was gathered, and 
joined together in a relational postgreSQL database, from over a dozen resources, including 
the RNAcentral database consortium, the largest database of ncRNA sequences, of which 
snoDB is now a part of. In addition, all resources are linked to in-table, where data they 
provided appears, to help corroborate the data shown for transparency, as well as to grant 
access to interesting features housed on remote sites. Finally, snoDB is built to be easily 
maintainable, updatable and extensible to keep up with ongoing developments and insure 
that the information it contains will contribute to snoRNA research for years to come. 
 
Keywords:  snoRNA, Bioinformatics, RNA-Seq, Database, postgreSQL (PSQL), 
RNA-RNA Interactions, Datatables
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INTRODUCTION 
 
RNA biology has come a long way since its inception during the last century. We now have so 
much data about this diverse class of molecules that innumerable tools and databases have been 
created to aid in their analysis. But what is RNA and how do specialized bioinformatics 
resources, such as an online snoRNA database, help drive RNA research forward? 
 
History of RNA Biology 
 
Ribonucleic acids (RNAs) are a diverse class of molecules often transcribed from 
deoxyribonucleic acids (DNA) (Brosius and Raabe, 2016; Zhang et al., 2018). Both are long 
chains of nucleotides made up of a sugar phosphate spine (ribose sugar for RNA and deoxyribose 
for DNA) with one of four bases attached to each sugar molecule. These bases are adenine (A), 
thymine (T), guanine (G) and cytosine (C) with thymine being substituted for Uracil (U) in 
RNA. In addition, the familiar double helix structure of DNA is not seen in RNA; rather it is a 
single helix that folds in on itself in a wide variety of structures (Lodish et al., 2000). Cells are 
filled with an incredible diversity of RNA types that enact and regulate vital biological functions 
(Kufel and Grzechnik, 2019). Although the chemical and structural differences between the two 
types of nucleic acid chains have been identified for a hundred years, their individual 
importance, their interconnected relationship, and even their names, took several decades to be 
established. 
 
Discovery & Distinction: The two nucleic acids: 
 
The history of nucleic acids research begins in 1869 with the work of Johann Friedrich Miescher 
on leukocytes. These white blood cells were easily obtained with relatively good levels of purity 
from pus soiled bandages of a nearby clinic. Through purification of the infectious fluid, 
Miescher’s experiment uncovered a cellular substance with unprecedented resistance to chemical 
methods of protein degradation. This seemingly non-proteic substance was hypothesized to 
originate from the nucleus which inspired the name it was given at the time: nuclein (His et al., 
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1897; Miescher, 1871; Miescher, F., 1869). As it turns out, nuclein was in fact the first recorded 
precipitate of DNA. (His et al., 1897; Miescher, 1874; Miescher and Schmiedeberg, 1896).  
 
   These findings happened around the same time as the nucleus itself was being suggested by 
prominent biologist Ernst Haeckel to contain the materials responsible for heredity (Haeckel, 
1866; Olby, 1969). Of note, though cell theory was technically around at the time, stating that 
life is built of tiny units called cells, only its bigger constituents such as the nucleus and the  
nucleolus it contains, could be observed with microscopes (Beale, 1858). The notion that the 
nucleus and the cytoplasm that surrounds it differed functionally wasn’t yet popular, with the 
entire contents of the cell, called protoplasm, being deemed the substance of life (Welch, 1995). 
Miescher did theorize that nuclein could be the material responsible for fertilization, but the 
carrying of hereditary information was deemed an impossible role for a single molecule to 
possess, given the wide range of diversity observed in nature (Dahm, 2005; Miescher, 1874; Ralf 
Dahm, 2008). And so, the link between nuclein (DNA) and heredity was not to be confirmed 
until over half a century later. 
 
   In the meantime, nuclein’s acidic nature would see it re-named to nucleic acid (Altmann, R., 
1889). Improved methods for its purification enabled Nobel Prize laureate to be Albrecht Kossel 
to uncover the components of nucleic acid: adenine, guanine, cytosine, thymine and uracil along 
with a sugar thought to be a pentose (Hammarsten O., 1894; Jones, 1953). As these experiments 
were repeated, two kinds of nucleic acids emerged based on the model organisms from which 
they were extracted: yeast nucleic acid, obtained from plants, and thymus nucleic acid, which 
was abundant in the thymus gland of animals. These two types of nucleic acids, in fact RNA and 
DNA respectively, were found to have differing composition of bases: uracil in yeast versus 
thymine in thymus nucleic acid, as well as different sugars: pentose for yeast and a hypothesized 
hexose in thymus nucleic acid (P. A. Levene, 1910). 
 
Polynucleic Chains & the Tetranucleotide Hypothesis 
 
At the turn of the 20
th
 century, nucleic acids are still seen as a soup of their constituents. The 
concept of polynucleic chains came around 1909 with the work of Pheobus Levene (Jacobs W. 
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A., and Levene P. A., 1909). The Russian physician showed how the bases contained in both 
types of nucleic acids bind to sugars to form nucleosides and how these subunits link up with a 
phosphoric acid molecule to form nucleotides (Levene and Jacobs, 1909). Despite World War I 
halting progress, Levene eventually established that the sugars found in yeast nucleic acid and 
thymus nucleic acids are ribose and deoxyribose respectively (Levene et al., 1930; Levene and 
Jacobs, 1909). Based on the different chemical and physical properties of these carbohydrates, 
they proposed that the nucleic acids be called ribonucleic acids (RNA) and deoxyribonucleic 
acids (DNA) (Frixione and Ruiz-Zamarripa, 2019; Levene and Tipson, 1935). Around the same 
time, the long held hypothesis that the two nucleic acids are exclusive to either plants or animals 
was finally overturned (Allen, 1941).  
 
   Despite plentiful contributions, Pheobus Levene is a name synonymous with the 
tetranucleotide hypothesis, the erroneous theory that nucleotides form into simple closed rings of 
four nucleotides known as tetradic repeats (Hunter, 1999). This infamous theory is often 
attributed as holding back research on nucleic acids since a tetradic repeats conformation made 
them predictably dull. However, historical context suggests otherwise; Levene wasn’t a biologist, 
focusing instead on the chemical characterization of nucleic acids and leaving it up to biologist 
to assess their function. At the time, biologist were simply more interested in the study of 
proteins which they believed were the more likely carriers of genetic information in cells rather 
than the ‘idiotic’ nucleic acids (Hargittai, 2009; Olby, 1994). This mindset was likely bolstered 
by the successful crystallization of insulin and other key enzymes around the 1930s coupled with 
the unavailability of homogenous samples of nucleic acids for study (Lederberg Joshua, 1994; 
McPherson and Gavira, 2013).  
 
   Such pure samples would finally be available in 1944 through DNA viruses with the work of 
Avery, McCarty and MacLeod, on pneumococci, which went on to finally and rightfully attribute 
heredity as a characteristic of DNA (Lederberg Joshua, 1994).  
 
The Path to Protein-Coding RNA & the Central Dogma of Biology 
 
Co-inoculation in mice of harmless type 2 pneumococci with the virulent but heat-killed type 3 
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variant was proved to be lethal by Fredirick Griffith in 1928. The assumption was that the 
transformation of the inoffensive type 2 virus into its deadly type 3 counterpart was a protein 
mediated phenomenon (Griffith, 1928). However, Avery, McCarty and MacLeod, through 
extensive purification of the deoxyribonucleic acid from the heat-killed type 3 pneumococci, 
showed that the transformation was fundamentally attributable to DNA. This breakthrough paved 
the way for the DNA theory of inheritance, and renewed interest in nucleic acid research (Avery 
et al., 1944).  
 
   Many protein-enthusiasts were not so easily convinced, continuing to uphold proteins as the 
progenitors of genes up until the early 1960s (Eck, 1961). If DNA truly held all genetic 
information within cells, how was it turned into proteins? One theory at the time assumed the 
existence of a yet unknown RNA intermediate (Brachet, 1942; Capspersson, 1947). However, 
back then the only type of RNA to have formerly been identified was ribosomal RNA (rRNA). 
Known then as microsomal particles, they had been shown in an experiment to turn radiolabeled 
amino acids that passed through them into proteins (Hoagland et al., 1957; Roberts, 1958). 
Convinced of the existence of a hypothetical “adaptor” between DNA and the ribosomes, Francis 
Crick published the now famous central dogma of biology (Crick, 1958).   
 
The (Actual) Central Dogma of Biology 
 
Contrary to what many are taught in school, the central dogma of biology was never meant to be 
a mere roadmap of protein synthesis. Rather it outlined the possible ways for information to 
transit between DNA, RNA and proteins based on scientific knowledge at the time, as well as 
Crick’s own intuition. Conversions from DNA to RNA and from RNA to protein were indeed 
postulated, but this was alongside established phenomena like DNA’s ability to copy itself 
during cell division (DNA to DNA), and the ability of RNA viruses to self-replicate (RNA to 
RNA) (Figure 1). The flow of RNA to DNA was tentatively hypothesized as well, but it would 
only see confirmation in 1970 with the discovery of the “reverse transcriptase” enzyme (Coffin 
and Fan, 2016). Most interesting were the paths of information flow that were deemed 
impossible (protein to protein, protein to RNA, and protein to DNA). They lacked any known 
mechanisms but at the time so did the transcription of DNA to RNA, as well as the subsequent 
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translation of RNA into proteins. Therefore, by asserting the unfeasibility of information transits 
stemming from proteins, the central dogma discredited theories pinning proteins as gene 
progenitors. Overall, the intended takeaway was that the transfer of genetic information between 
DNA, RNA and proteins follows defined paths in cells and that once information reaches 
proteins, reversing it back into DNA or RNA is impossible (Cobb, 2017; Morange, 2008).   
 
   The central dogma of biology, and the RNA adaptor hypothesis between the ribosomes and 
proteins, would be confirmed shortly after the dogma’s publication with the formal discovery 
and characterization of protein coding RNA, called messenger RNA (mRNA). Several groups 
published papers on mRNA describing it as a transcribed template of DNA that travels to the 
cytoplasm to bind with ribosomes, as well as with a specific iteration of amino acid carrying 
transfer RNA (tRNA), to be translated into protein (Cobb, 2015).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 : Rough Timeline of Nucleic Acid Research 
Nucleic acids were first discovered in the 1860s under the name nuclein. Later studies around the 
turn of the century categorized two types of nucleic acids based on the presence of the nucleo-
bases thymine or uracil and based on their source of extraction (animal glands such as the 
thymus or plants such as certain yeasts). During the 1930s, the two types of sugars composing 
the nucleotides, found in both types of nucleic acids, had been established along with their ability 
to link up together to form polymeric chains. All of this paved the way for the central dogma of 
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biology, posited towards the end of the 1950s, which correctly mapped the flow of genetic 
information between what we now knew as DNA and RNA as well as proteins. 
 
 
Non-coding RNA, small Nucleolar RNA & the RNA World Theory 
 
The monumental discovery of mRNA, as vectors of genetic information for protein synthesis, 
was instrumental to the development of RNA biology. It also colored our view of RNA as mostly 
being passive elements while proteins remained the predominant functional components of the 
cell. Opposing this view came a string of discoveries implicating non-protein-coding RNA, 
simply called non-coding RNA, in various novel and essential regulatory pathways.  
 
Analysis of HeLa cell nuclei, in the late 1960s, revealed the existence of new, uridine(U)-rich, 
non-coding RNA(ncRNA) species beyond rRNA and tRNA, which were named U1, U2, U3, etc.  
(Pene et al., 1968; Weinberg and Penman, 1968). Further studies on these new RNAs in yeast 
allowed for their classification into two distinct categories, based on their localization and 
functionalities (Riedel et al., 1986; Wise et al., 1983) . U1, U2, U4, U5 and U6 were dubbed 
small nuclear RNA (snRNA) for localizing to the nucleus, while U3 and U8 were dubbed small 
nucleolar RNA (snoRNA) for specifically localizing to a membrane-less compartment of the 
nucleus called the nucleolus (Busch et al., 1982). These two types of RNA both form into 
hairpin-like structures that average over a hundred nucleotides in length. Both RNA species were 
also found to individually bind with specific proteins to form ribonucleoprotein complexes 
(RNPs) (example: U1 snRNP and U3 snoRNP) (Busch et al., 1982). However, snRNPs are 
formed outside the nucleus before returning and assembling together into a big complex called 
the spliceosome (Patel and Bellini, 2008). The spliceosome then binds pre-mRNA and regulates 
a vital processing step of theirs called splicing, i.e., the excision of the non-coding regions named 
introns that separate the multiple coding segments of a nascent gene called exons (Lerner et al., 
1980; Mount and Wolin, 2015). Meanwhile, snoRNPs form within the nucleus immediately after 
snoRNAs are transcribed, before making their way to the nucleolus where they individually act 
in rRNA processing (Schimmang et al., 1989).  
 
 
  7 
Small nucleolar RNA 
 
We now know that Small nucleolar RNAs (snoRNAs) are a group of highly structured and 
expressed non-coding RNAs that are conserved across all eukaryotes (Henras et al., 2004). Most 
snoRNAs discovered thus far have been found in humans and in yeast, but snoRNAs have also 
been identified in rodents, amphibians, plants and even Achaea (Bertrand and Fournier, 2013). In 
humans, they are mostly encoded within the introns of mRNAs and long non-coding RNAs 
(lncRNAs) which can be referred to as snoRNA host genes (Boivin et al., 2018b). Two thousand 
unique snoRNA sequences have been reported in human RNA databases to date (Bouchard-
Bourelle et al., 2019). 
 
   We distinguish two main snoRNA families based on their structure and specifically conserved 
sequence motifs dubbed boxes: the single stem-loop (stem-bulge-stem), RUGAUGA & CUGA 
motif bearing box C/D family and the dual stem-loop (hairpin-hinge-hairpin-tail), ANANNA & 
ACA motif bearing Box H/ACA family (Figure 2). In addition, some box C/Ds sometimes 
possess less well conserved copies of C and D boxes dubbed C’ and D’. All these conserved box 
motifs, along with a cascade of chaperones and other conserved proteins, enable snoRNAs to 
bind specific sets of proteins conserved across eukaryotes when they are transcribed in the 
nucleoplasm. This association prevents the degradation of the bound regions by exonucleases, 
and results in fully processed small nucleolar ribonucleoprotein complexes (snoRNPs) (Kishore 
et al., 2013).  
 
   The boxes are also responsible for the trafficking of snoRNPs from the nucleus to the 
nucleolus, which is where they perform their most widely recognized function as guides for 
specific post-transcriptional RNA modifications (Massenet et al., 2016).  
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Figure 2: Canonical snoRNAs  
snoRNAs are canonically divided into 2 families that bind distinct sets of proteins which catalyze 
specific modifications in pre-rRNA which snoRNAs bind through complementarity. 
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Canonical snoRNA Functions 
 
The most well characterized function of snoRNAs is guiding multiple site-specific modifications 
in pre-ribosomal RNA (pre-rRNA) during ribosome biogenesis in the nucleolus. They do this 
through regions on the snoRNA called antisense elements which are complementary to specific 
regions of pre-rRNA (Henras et al., 2004; Kiss, 2001). This mechanism, and snoRNAs’ role as 
guides for these modification, were first discovered in yeast (Philippe Ganot et al., 1997; Kiss-
László et al., 1996) and confirmed in humans shortly thereafter (Balakin et al., 1996; P. Ganot et 
al., 1997). Orthologous snoRNAs have also been identified in organism as evolutionarily distant 
as Achaea, pointing to the primeval nature of canonical snoRNA functionalities (Gaspin et al., 
2000; Omer et al., 2000).  
 
   Box C/D snoRNA antisense elements are composed of 10 to 21 nucleotides and are located 
upstream of the D’ and/or D box with the modification site on complementary rRNA usually 
being located 5 nucleotides upstream of the D/D’ box. Box H/ACA snoRNA possess antisense 
elements within their 3’ and/or 5’-terminal hairpin domains also called pseudouridylation 
pockets (Philippe Ganot et al., 1997; Kishore et al., 2013). 
 
   Once the snoRNAs’ antisense element binds to a complementary strand of rRNA, core proteins 
forming the snoRNP catalyse the modification of a specific nucleotide. Box C/D snoRNPs are 
canonically composed of four conserved proteins including the methyltransferase Fibrillarin 
(FBL) which catalyzes the 2’-O-methylation of pre-rRNA. Box H/ACA snoRNPs are 
canonically composed of 2 identical protein quartets, on each of their stem-loops, with Dyskerin 
(DKC1) being responsible for the pseudouridylation of pre-rRNA (Figure 2). In both snoRNA 
families, the proteins without any catalytic functions, NOP56, NOP58 and SNU13 for box C/Ds, 
and Nhp2, NOP10 and Gar1 for box H/ACAs, serve as scaffolds to recruit each other and 
stabilize the resulting complex (Filipowicz and Pogačić, 2002; Jády and Kiss, 2001). 
 
   Although the modification of specific, and often conserved, bases in rRNA by snoRNAs 
haven’t been found to be essential, hints to their involvements in proper folding of pre-rRNA and 
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the interactions between rRNA and ribosomal proteins have been found pointing to a need for 
further research on the matter (Bachellerie et al., 2002). 
 
   However, there are snoRNAs that have for a long time been known to function as something 
other than guides for post-transcriptional modifications. The U3 (SNORD3A) and U8 
(SNORD118) to name only two, are highly conserved box C/D snoRNAs which are not known 
to guide any chemical modifications in pre-rRNA while still being key players of pre-rRNA 
processing and accumulation (Langhendries et al., 2016).  
 
      U3 is associated with the proper folding of the 18S small ribosomal subunit. It can execute 
this function due to the presence within its sequence of an additional motif called a B box. This 
motif allows U3 to bind a protein called Rrp9 in humans which is essential for the formation of 
its snoRNP (Zhang et al., 2013). More specifically, it has been shown that nucleotide 
substitutions in the 5’ETS (external transcribed spacer), located upstream of the 18S ribosomal 
RNA gene, leads to cell death in yeast. This region is involved in the initial binding of the 18S 
pre-mRNA with U3, and when plasmids containing a mutated  U3 sequence complementary to 
the altered 5’ETS sequence is expressed, 18S accumulation and cell growth is regained (Dutca et 
al., 2011). When U3 is properly bound to its core proteins, as well as to the 5’ETS region 
upstream of the 18S rRNA gene, it mediates early cleavage steps in pre-rRNA processing that 
are essential for ribosome biogenesis (Cléry et al., 2007).  
 
   U8 on the other hand is vitally involved in the accumulation of 5.8S and 28S rRNA which are 
components of the large ribosomal subunit. Similarly to U3, U8 binds to the 28S pre-mRNA 
with mutational studies showing this to be essential for maturation of the large ribosomal 
subunit. In this case however, although the interaction is necessary it must be undone before pre-
rRNA processing is concluded to allow for the association of the 28S and 5.8S subunits (Peculis, 
1997). 
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Small Cajal Body-Specific RNA  
 
snoRNAs have also canonically been shown to modify specific conserved positions in snRNAs. 
These RNA-dependent modifications were at first thought to exclusively occur in nuclear sub-
organelles known as Cajal (coiled) bodies, to which a subset of snoRNA localize, and were 
hence named small Cajal body-specific RNA (scaRNA). Their characterization as snoRNAs 
might seem odd, as they are non-nucleolar RNAs, but Cajal bodies are actually closely related to 
nucleoli both physically and functionally, even being originally called nucleolar accessory bodies 
(Trinkle-Mulcahy and Sleeman, 2016). In addition scaRNAs possess familiar C/D and/or 
H/ACA box motifs through which they guide Fibrillarin dependant 2’-O-methylation and  
Dyskerin dependant pseudouridylation, although  in snRNA instead of in rRNA (Darzacq et al., 
2002). However, emerging evidence points to snoRNA nomenclature potentially needing 
revision as both scaRNAs and snoRNAs alike can exist and be functional outside of the 
localization that informed their naming scheme. For example, scaRNA-dependant snRNAs 
modifications are still carried out in cell-types/species which lack Cajal bodies, while snoRNAs 
have been found to accumulate in Cajal bodies, with some also being found in the cytoplasm 
(Deryusheva and Gall, 2009; Michel et al., 2011). Furthermore, scaRNAs have been found to act 
as guides for the modification of rRNA, just like canonical snoRNAs, further blurring the divide 
between them (Deryusheva and Gall, 2019).  
 
RNA World Theory 
 
Around that same time as snRNAs and snoRNAs were begin discovered, a fundamental 
characteristic of non-coding RNAs’ activity was being uncovered: the specific structures they 
fold into. It was shown to allow the t-shaped tRNAs to successfully bind amino acids, to grant 
ribosomes the ability to mediate protein synthesis and would be shown to be functionally 
important in most non-coding RNA. This is reminiscent of the need for proteins to fold into 
specific structures themselves to become functional, with mutated or denatured protein and RNA 
alike losing some or all of their activity (Bhartiya and Scaria, 2016; Rich and RajBhandary, 
1976). The parallels did not stop there as the discovery of ribozymes came soon after, and 
showed for the first time that RNAs, just like proteins, could catalyze chemical reactions in cells 
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(Cech et al., 1981; Guerrier-Takada et al., 1983). Even before having discovered RNAs’ catalytic 
functions, many researchers were pondering the hypothesis of self-replicating RNA molecules 
being primordial precursors to both DNA and proteins. This theory, which posits a time where 
RNA alone permitted life, was formally named the “RNA world hypothesis” in 1986 (Cech, 
2012; Neveu et al., 2013). 
 
   1992 brought the discovery of the long non-coding RNA (lncRNA) XIST, which is involved in 
X-chromosome inactivation (Brockdorff et al., 1992; Brown et al., 1992). In 1993, the first micro 
RNA (miRNA) was discovered in yeast (Lee et al., 1993). It took until the early 2000s for these 
small non-coding RNAs to be formally characterized as a group and notably linked to the 
regulation of gene expression through gene silencing (Ambros, 2004).  
 
In summary, ncRNAs were clearly shown to be as functionally diverse and important as proteins, 
if not more so, potentially enabling life independently from proteins and DNA for billions of 
years (Cech, 2012). Nonetheless, research into ncRNAs didn’t pick-up steam until the turn of the 
century.  In 2001, a working draft of the human genome had finally been sequenced and 
published, using first-generation sequencing (one nucleo-base at a time). It confirmed the 
genome as being overwhelmingly composed of non-coding regions (Venter et al., 2001). Around 
the same time, the more efficient next-generation sequencing (NGS) technologies were 
inaugurated, and shortly thereafter adapted, to allow for high-throughput quantification of all 
RNA transcripts in a population of cells (Weber, 2015).    
 
Transcriptome 
 
Our ability to quantify RNA transcripts using high-throughput RNA-Sequencing represented 
another revolution in the field of RNA biology. It was the first technique to actually give us a 
look at the transcriptome, that is which parts of the genome are actively transcribed into RNA, at 
the moment an experiment was conducted, as well as giving us insights into their cellular 
functions (Wang et al., 2009). But the term transcriptome had been coined years prior while only 
low-throughput sequencing technologies were available.  The main focus of these first gene 
profiling experiments was mRNA, with the term transcriptome being originally defined as 
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representing the sum of mRNA expression in a population of cells (McGettigan, 2013; Piétu et 
al., 1999).  This led to much of transcriptomic research being mRNA-centric, even in the era of 
next-generation sequencing. This despite the fact that evolutionary studies showed that non-
coding RNAs can represent up to 98% of transcriptional output across higher eukaryotes 
(Mattick and Gagen, 2001). Such insight coupled with the growing body of literature 
surrounding non-coding RNAs, and their wide range of essential regulatory functions, should 
have been the final nail in the coffin for the notion that RNAs are merely passive intermediates 
between DNA and proteins. But half a century of characterizing non-coding DNA as junk (Ehret 
and De Haller, 1963) seems hard to shake off and an old guard persists as exemplified by 
Google’s definition of  ‘’transcriptome’’ still reading:‘’ the sum total of all the messenger RNA 
molecules expressed from the genes of an organism.’’ Relinquishing such a notion and overall 
adopting a more fluid view of scientific concepts new and old is more than ever imperative in 
this new age of fast discoveries.  
 
   For example, we have known for a long time that, in terms of the molecules present, the 
transcriptome is mostly composed of rRNA and tRNA. Like mRNA, these two types of non-
coding RNA have also canonically been pegged as static actors in protein synthesis but have 
since been hinted to have other unsuspected non-canonical functions. Transfer RNA have been 
shown to be cleaved into tRNA-derived small RNAs (tsRNAs) which are implicated in stress-
response signalization and in regulating gene expressions (Shen et al., 2018). Moreover, growing 
evidence points to ribosomal RNAs being highly regulated and heterogeneous in nature, leading 
to the preferential translation of certain mRNA, with possible implication in differential 
development and response to stress (Guo, 2018; Xue and Barna, 2012). mRNAs themselves have 
recently been attributed new roles beyond mere messengers including participating in the 
assembly of nuclear bodies like Cajal bodies, which are membrane-less regions of nuclei where 
splicing complexes are assembled (Shevtsov and Dundr, 2011). When even the most extensively 
studied RNA-type has secrets left for us to uncover, one can easily posit that we have in fact only 
begun to scratch the surface of RNA biology. This notion sees itself exemplified in small 
nucleolar RNAs, which were found in the early 60s and quickly pegged as actors in rRNA 
processing but have since gradually been ascribed unsuspected and essential multifarious 
functions. 
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Emerging Non-Canonical snoRNA Functions 
 
snoRNAs’ vital and non-vital roles in ribosome and spliceosome biogenesis have been the focus 
of many studies for multiple decades (Jády and Kiss, 2001; Maxwell and Fournier, 1995). This 
makes sense considering that the most evolutionarily stable snoRNAs across mammals are 
highly expressed, and located in introns of host genes related to ribosome biogenesis and 
translation (Hoeppner et al., 2009).  Meanwhile, the less conserved snoRNAs, seen only in 
humans and primates, show strong evidence of being derived from transposable element, and 
having thus been recently retrotransposed into new genomic location/host genes (Scott and Ono, 
2011). In vertebrates, most snoRNAs are co-transcribed with their host gene, while some are 
independently transcribed by RNA polymerase II or III (Dieci et al., 2009; Tycowski et al., 
2004). Interestingly, the less conserved snoRNAs, seen only in humans and primates, do not 
show enrichments for canonical snoRNA functions, suggesting a broader spectrum of snoRNA 
functionalities (Hoeppner et al., 2009). Taken together, these studies point to a flexibility in 
snoRNA expression, which isn’t always correlated with their host gene, because some snoRNAs 
likely regulate other genes involved in non-canonical functions. Indeed, in recent years a 
growing number of papers have begun ascribing a wide range of varied non-canonical functions 
to snoRNAs. 
 
SNORD115: Alternative Splicing & Editing 
 
These discoveries slowly began around the turn of the century with one of two clusters of 
cerebrally enriched snoRNAs, known then as HBII-52 (now SNORD115). This cluster is located 
within the locus of chromosome 15 associated with Prader-Willi syndrome (PWS), which is the 
leading genetic cause of obesity worldwide. The disease was shown to be caused by the deletion 
of the paternal locus which features genetic imprinting. Imprinting is an epigenetic methylation 
of a parent’s gene that makes only its expression possible regardless of the presence of a copy of 
this gene on the complementary allele. The mechanism behind PWS was linked to the 
SNORD115 cluster present in the affected locus. SNORD115 lacks any known rRNA 
complement, but it has been found to associate with the alternatively spliced exon 5 of the 
serotonin receptor 5-HT2CR (Cavaillé et al., 2000). This complementarity mediated binding was 
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later confirmed to affect the alternative splicing of said exon, with PWS-afflicted individuals 
exhibiting distinct serotonin receptor mRNA isoforms when compared to healthy individuals 
(Kishore and Stamm, 2006). However, it remains unclear if a change in alternative splicing alone 
is responsible for PWS. Other studies have pointed to an additional post-transcriptional 
modification, mediated by an interaction between SNORD115 and the 5-HT2CR pre-mRNA, 
known as Adenosine-to-Inosine (A-to-I) editing, which was shown to have behavioral impacts in 
mice (Doe et al., 2009). Although this editing mechanism is confirmed, its link to PWS remains a 
matter of debate (Glatt-Deeley et al., 2010). 
 
From Housekeeping Genes to Non-Uniform Expression & Functions 
 
These discoveries meant that snoRNAs could no longer be thought of as constitutively expressed 
genes solely implicated in site-specific RNA modifications. They can have tissue-dependent 
expression and enact non-housekeeping functions. But with only about a quarter of snoRNAs 
being orphans, i.e. having no known function (Falaleeva et al., 2016), could they really have that 
many undiscovered roles left to uncover?  
 
   Bioinformatics-based predictive approaches have found undiscovered complementary rRNA 
sites for a few orphan snoRNAs in regions that were not known to be modified. This  sparked the 
tentative connection of snoRNAs with ribosome heterogeneity, in a perhaps tissue- or condition-
specific manner further (Dieci et al., 2009; Piekna-Przybylska et al., 2007; Xue and Barna, 
2012). If true, this would redefine the importance of canonical snoRNA functions in stress-
response, and perhaps even development, through the preferential translation of certain mRNAs 
by so-called specialized ribosomes. Although, it would also reduce the pool of orphan snoRNA 
with potential non-canonical functions even. This assumption of fewer snoRNA potentially 
having novel roles is however proven false on two fronts. First,  new snoRNA are steadily being 
discovered (Jorjani et al., 2016; Kishore et al., 2013). Second, snoRNAs have been found which 
have both canonical and non-canonical functions, broadening the member spectrum with new 
functionalities to perhaps every known and yet unknown snoRNA. For example, SNORD27 has 
been shown to both guide rRNA methylation and mediate the alternative splicing of several 
protein-coding genes, including ABCA8, E2F7, FER and MAP4K3. A potential mechanistic hint 
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for how this functional diversity is possible came with soluble nuclear extract studies which 
detected two distinct SNORD27 ribonucleoprotein complexes in biochemically divisible 
fractions; a canonical fibrillarin-dependant snoRNP and a non-canonical fibrillarin-independent 
snoRNP (Falaleeva et al., 2016). 
 
Beyond Alternative Splicing; snoRNAs` Roles in Gene Expression  
 
Alternative splicing remains one of the best characterized non-canonical snoRNA functions, with 
other snoRNAs not previously listed also being implicated in it. However, snoRNAs have now 
been found to regulate gene expression through a much broader array of mechanisms. For 
example, dozens of snoRNAs show enrichment in both Drosophila and human chromatin, a 
DNA-protein complex responsible for compacting and de-compacting DNA for protection and 
transcription respectively. A specific protein, Df31, was shown to bind both histones, which are 
proteins that are part of the chromatin, and the enriched snoRNA. As a result, chromatin 
structure remains un-compacted allowing for genes on that segment of the genome to be 
transcribed (Schubert et al., 2012). 
 
Some snoRNAs have also been found to directly regulate mRNA abundance after being 
degraded into smaller RNAs, such as miRNA and piRNAs, or by interfering with pre-mRNA 
processing. Micro RNAs (miRNAs) are small non-coding RNAs, averaging 22 nucleotides, 
which form a distinct microRNA ribonucleoprotein complex (miRNP), more commonly called 
an RNA-induced silencing complex (RISC) (Cai et al., 2009). Silencing describes any negative 
regulation of gene expression. Similarly to canonical snoRNAs within snoRNPs, miRNA in 
miRNPs/RISC possess sequence complementarity with mRNA, and serve as guides for their 
silencing. This resemblance with canonical snoRNA isn’t a coincidence as evolutionary ties 
between the two types of non-coding RNA have been found, as well as the fact that some 
snoRNA are degraded into sno-derived RNAs (sdRNA) such as miRNA (Ender et al., 2008; 
Saraiya and Wang, 2008). Likewise, snoRNAs have also been shown to be processed into PIWI 
interacting RNAs (piRNAs). These 26 to 31 nucleotide-long RNAs are so-named for their 
interactions with the PIWI protein family, which is closely related to the Argonaut protein, a key 
component of miRNA RISC gene silencing complex. Unsurprisingly then, piRNAs derived from 
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snoRNAs have been found to mediate decay in targeted pre-mRNAs, which they do through 
recruitment of the nuclear exome (Zhong et al., 2015). Researchers have also recently stumbled 
upon a set of box C/D snoRNAs that associate with proteins constituting the 3’ mRNA 
processing complex. The processing of 3’ end in mRNAs is essential to their proper expression. 
It involves the cleavage of said 3’ end followed by the addition of over 200 adenine residues, 
called a polyA tail, in a process named polyadenylation. Depletion of one particular snoRNA 
showed consistent effects on 3’ polyadenylation profiles and the abundance of specific genes 
(Huang et al., 2017).   
 
Recent, studies in yeasts have found two previously orphan box C/D snoRNAs to be involved in 
guiding the acetylation of 2 cytosine residues in rRNA. They do this by associating with the 
cytidine acetyltransferase Kre33, which is known to acetylate tRNAs by interacting with the 
adaptor protein Tan1 (Sharma et al., 2017). Considering the highly conserved nature of most 
snoRNAs, it would not be surprising for acetylation to also be mediated through snoRNAs in 
higher eukaryotes.  
 
snoRNAs & Diseases 
 
With so many regulatory roles to their name, snoRNA-associated diseases seem quite likely 
when deregulation of their functions occur. Indeed, as previously mentioned, deletion of the 
SNORD115 family of snoRNAs is linked to a genetic disorder called Prader-Willi syndrome. 
However, not only are a growing number of diseases being linked to snoRNAs, they are 
increasingly being investigated as diagnostic/prognostic tools in the form of biomarkers. 
 
Metabolic Stress & Homeostasis 
 
Genetic screenings of Chinese hamster ovary (CHO) cells under lipotoxic conditions, metabolic 
stress conditions which are a common complication of diabetes where lipids accumulate in non-
adipose tissues, revealed that SNORD32A, SNORD33, SNORD34 and SNORD35A can localize 
to the cytoplasm outside the nucleus and mediate oxidative stress (Michel et al., 2011). A later 
study found these four snoRNAs to also regulate systemic glucose metabolism solidifying their 
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potential implication in the pathogenesis of diabetes (Lee et al., 2016). Further genetic loss of 
function screening in CHO cells found orphan snoRNAs ACA60 (SNORA60) and the U17 
snoRNAs (SNORA73A & 73B) to be essential in the regulation of cholesterol trafficking and 
homeostasis (Brandis et al., 2013; Jinn et al., 2015). The study on the U17 snoRNAs was even 
able to identify their non-canonical interaction with and negative regulation of mRNA HUMMR 
(hypoxia upregulated mitochondrial movement regulator) as a novel mechanism in cholesterol 
trafficking. Meanwhile ACA11 (SCARNA22) was found to be upregulated in multiple myeloma, 
an incurable cancer of plasma cells, and confer resistance to chemotherapy via a suppression of 
oxidative stress (Chu et al., 2012). 
 
Cancers 
 
Links between snoRNAs and various cancers have consistently increased over the last two 
decades. The most recent review on the subject implicated nearly 50 snoRNAs across 11 
different types of cancers as both oncogenes and/or tumor suppressors (Liang et al., 2019).  
 
   Some snoRNAs have been linked to the p53 pathway in cancer which regulates the expression 
of genes involved in cell cycle arrest, DNA repair and apoptosis. Overexpression of snoRNAs 
have been found in human breast and prostate cancer to inhibit the p53 pathway and promote 
tumorigenesis (Su et al., 2014). Similarly, breast cancer also sees the upregulation of the U3 and 
U8 snoRNAs acting as oncogenes with their depletion enabling a potent p53 anti-tumor response 
(Langhendries et al., 2016). SNORA42 has been found to be oncogenic in non-small cell lung 
cancer where it regulates the expression of p53 (Mei et al., 2012). Other experiments have 
confirmed p53 to directly control transcription of the snoRNA host gene GAS5. The expression 
of the multiple snoRNAs nested within GAS5 correlate with p53 expression in colorectal cancer, 
though their potential role in this pathology has yet to be determined (Krell et al., 2014). 
 
   Other cancer related pathways, such as the PI3K–AKT cascade, have also been associated with 
snoRNA dysfunctions in certain cancers. PI3K-AKT signaling involved in cell death, 
differentiation and proliferation is increased due to ACA11 over expression in hepatocellular 
carcinoma (HCC) (Wu et al., 2017). SNORD126 also activates the PI3K–AKT pathway by 
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upregulating FGFR2, which promotes cell growth in HCC as well as in colorectal cancer (Fang 
et al., 2017).  
 
   Sno-derived RNAs (sdRNAs) have also been found to be differentially expressed in certain 
cancers. SNORD17 derived miRNA miR-768-5p reportedly binds to breast cancer associated 
protein YB-1 (Blenkiron et al., 2013). In breast cancer still, SNORD75 derived piRNA pi-sno-75 
upregulates tumor suppressor and apoptosis inducer TRAIL (He et al., 2015). And in prostate 
cancer, sdRNAs derived from several snoRNAs were found to be over expressed, with the 
expression of some sdRNAs being specifically higher in metastatic patients, hinting at their 
potential role as prognostic biomarkers (Martens-Uzunova et al., 2015). 
 
snoRNAs as Biomarkers  
 
The involvement of snoRNAs in various facets of cancer biology and the detection of many of 
them in serum, plasma and urine, in addition to their high stability, has led to them being studied 
as potential biomarkers. Indeed, as previously described, several studies have found expression 
variation of certain snoRNAs, or their derivatives, to be indicative of certain cancers or certain 
stages of the disease.  
 
   As such, eight differentially expressed snoRNAs were recently established as prognostic 
factors in gastric cancer (Wang et al., 2019). Several snoRNA signatures, predicting overall 
survivability in patients with non-small cell lung cancer, have also been found (Gao et al., 2015; 
Liao et al., 2010; Mannoor et al., 2014). Expression of SNORA70F & SNORD116-118 are 
seemingly able to distinguish two types of chronic lymphocytic leukemia with different 
prognostics (Ronchetti et al., 2013). 
 
   Meanwhile, six serum snoRNAs were found to be effective biomarkers of ageing joints and 
osteoarthritis (Steinbusch et al., 2017) and circulating levels of SNORD114-1 are markedly 
higher following endurance training, and may be used as a biomarker to differentiate between 
exercise regimens providing insight into muscle repair and recovery (Håkansson et al., 2018). 
These nascent findings broaden the potential of snoRNAs as biomarkers outside of cancers.   
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Mutations in snoRNAs & their Host Genes 
 
The spectrum of snoRNAs-related genetic disorders has also been progressively broadened over 
the years beyond Prader-Willi Syndrome. 
 
   A systematic curation of the human genome published in 2012 found 151 snoRNAs which 
contain at least one single nucleotide polymorphism (SNP), with 298 SNPs being reported in 
total. Cross-referencing of these data with snoRNAs more recently found to be related to disease 
could prove insightful, though unfortunately the database housing the information is no longer in 
service (Bhartiya et al., 2012). 
 
   More recently, biallelic mutations in SNORD118 (U8) were linked to a progressive 
degenerative disorder called cerebral microangiopathy leukoencephalopathy with calcification 
and cysts (LCC). The authors speculate that these mutations give rise to a ribosomopathy, given 
U8’s involvement in rRNA processing, which would be causal to the disease. They were 
however unable to establish this link, leaving the door open to potential non-canonical functions 
of SNORD118 being responsible for LCC (Jenkinson et al., 2016). 
 
   Mutations in the H/ACA box motif of the human telomerase RNA component (TERC) disrupt 
the telomere lengthening activity of telomerase, causing a rare genetic disease known as 
dyskeratosis congenita (DKC). Telomeres consist of nucleotide repeats at the ends of 
chromosomes that serve as protection against DNA damage. This protection is eroded and 
replenished with each mitosis in stem cell, such as the hematopoietic stem cells found in bone 
marrow which continually replenish our blood cells, including those comprising our immune 
system. Afflicted individuals are therefore more cancer-prone, often show signs of premature 
ageing with most eventually succumbing to bone-marrow failure (Alter et al., 2012; Trahan and 
Dragon, 2009). Other variants of the disease involve mutation in the core H/ACA snoRNP 
protein and snoRNA host gene Dyskerin (DKC1). Indeed, almost all X-linked instances of DKC 
(X-DKC) feature mutations in DKC1, which happens to hosts SNORA36 and SNORA56, though 
it remains unknown whether these mutations affect the snoRNAs thereby implicating them in X-
DKC (Parry et al., 2011).  
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   Mutations in another snoRNA host gene, the ribosomal protein RPL5, have similarly been 
found to cause an inherited bone marrow failure syndrome called Diamond-Blackfan anemia 
(DBA). RPL5 hosts SNORA66 which canonically guides the pseudouridylation of position 119 
in 18S rRNA, a modification which happens to be decreased in X-DKC. A causal link between 
this and X-DKC or DBA has yet to be established, though these are two examples out of many 
where snoRNA host genes, and their intronic snoRNAs, may be relevant in diseases. 
 
  The list of potential snoRNA related diseases is much longer than those described above as seen 
in (Deogharia and Majumder, 2018). This is without even delving deeper into the numerous 
reported implications in diseases of snoRNA host genes and their often independent transcription 
from the snoRNAs they host (Liao et al., 2010; Ronchetti et al., 2013, 2012; Williams and 
Farzaneh, 2012). However, whether it be studies on host genes, snoRNAs or sdRNAs, many still 
lack causal links instead only finding significant up or down-regulation in disease. Further 
studies are therefore in order especially since the proportional and holistic detection of snoRNAs, 
their host and their fragments via RNA-Seq has only recently been achieved. More snoRNAs or 
their related entities may therefore be related to associated diseases, and new disease states may 
show significant differential expression of specific RNAs. 
 
Simultaneous RNA-Sequencing of snoRNAs & their Host Genes 
 
High-throughput RNA-Sequencing stands as a modern tool of choice to tackle many pressing 
biological inquiries. Its usefulness in assessing transcript abundance and splicing events has 
prompted researchers to continuously adapt the technique for various purposes, leaving us with a 
still growing number of different protocols suited to a plethora of analyses. Due to the sheer 
amount of data the technique generates, it also has crucial bioinformatic analytical steps with an 
equally if not more diverse landscape of methodologies. Despite all these variations, until 
recently, none of them allowed for the accurate detection of all snoRNAs (Boivin et al., 2018; 
Deschamps-Francoeur et al.,2019) (Figure 3). Thus, new protocols and tools suited for 
representative whole-transcriptome sequencing experiments have been elaborated to resolve 
unaddressed biases within RNA-Seq. 
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Figure 3: TGIRT-Seq + CoCo Pipeline for Holistic RNA Sequencing 
Overview of the library preparation and bioinformatics analysis steps of an RNA-Seq experiment 
using TGIRT and CoCo. 
 
 
RNA-Seq Part 1: Library Preparation and TGIRT 
 
Sequencing experiments first begin with the isolation of total RNA from a population of cells. 
This RNA extract can then be treated in various ways to deplete rRNA, as their great abundance 
overshadows that of other RNA types. Alternatively, one may choose to ‘’pull’’ on the polyA 
tails, that feature mostly on mRNA as a sequence of adenine repeats at their 3’ end. This method 
does however create a detection bias in favor of those 3’ ends, which also makes it unsuitable for 
the detection of degraded or fragmented transcripts, and make it favor the detection of protein-
coding RNA and polyA tail-bearing lncRNAs (Zhao et al., 2018). 
 
   Once the RNA extract has been suitably prepared, it can optionally be fragmented, using 
alkaline solutions or enzymes, to a specific length that fits the restriction imposed by some 
sequencing machines. The next step is often the reverse transcription of the RNA sample into a 
complementary DNA library (cDNA) (Hrdlickova et al., 2017). 
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TGIRT-Seq: Holistic RNA-Seq Addressing Structural Bias 
 
RNA-Sequencing is often in fact DNA sequencing since the technology already exists, and 
because certain enzymes can affordably reverse transcribe RNA into DNA for sequencing to take 
place without new machinery being required (Wang et al., 2009). This reverse transcription step 
has traditionally always been carried out using retroviral reverse transcriptase (RT). This RT 
works well at room temperature but lacks the ability to run through highly structured RNA 
strands, such as long paired double stems-loops seen in H/ACA snoRNA (Figure 2)  (Nottingham 
et al., 2016). Conducting this step at a higher temperature would denature and linearize highly 
structured RNAs that could then more easily be slid across by the enzyme. However, the 
retroviral RT (RRT)  would also be denatured under these conditions rendering it unusable (Mohr 
et al., 2013). The laboratory of Professor Lambowitz from the University of Texas was the first 
to put forward an alternative enzyme to address this problem, known as TGIRT for Thermostable 
Group 2 Intron Reverse Transcriptase. As its name indicates, this bacterial enzyme is 
thermostable, a property that allows it to function at maximum efficiency at temperatures as high 
as 70 degrees Celsius. Unlike RRT, TGIRT also benefits from high processivity, that is the ability 
to polymerize long nucleic acid chains without releasing its substrate, and fidelity, which is the 
amount of mutations generated (Mohr et al., 2013; Nottingham et al., 2016). In a recent study, 
TGIRT-Seq was validated as detecting proportional abundances of highly structured RNAs, such 
as tRNAs and snoRNAs, without compromising the detection of other RNA types, such as 
mRNA or other ncRNAs, which often act as snoRNA host genes (Boivin et al., 2018). 
 
  After reverse transcription of RNA into cDNA, adaptors and primers are ligated to the ends of 
the cDNA fragments to differentiate their strand of origin (forward or reverse) and allow for their 
amplification via PCR. Typically, the amplification of cDNA is tracked by a computer in a 
process called base-calling, which tracks fluorescent signals, generated by the binding of labeled-
nucleotides to the cDNA (Ledergerber and Dessimoz, 2011). As the amplification of PCR-
generated cDNA-copies are performed in parallel, mixed signals are used to generate statistical 
quality scores for each base called. A popular algorithm for this is the Phred score (Ewing and 
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Green, 1998). The generated signals, and their quality scores, are translated to computerized data 
files which can then be analyzed using bioinformatic tools. 
 
RNA-Seq Part 2: Computational Analysis & CoCo 
 
The first processing step in the bioinformatic analysis of sequencing data is the evaluation of 
sequencing quality for each base, and the “trimming” of bad quality reads. This step also serves 
to remove the adaptor sequences used for amplification. There are several tools available for this 
task, one of them being Trimmomatic (Bolger et al., 2014). Typically,  these tools remove reads 
with a Phred score below a threshold of 20, which equates to their being a 1 in 100 chance that 
the base was called incorrectly (Mbandi et al., 2014). Once trimming is complete, sequencing 
reads are often aligned to a reference genome annotation to identify which regions of the genome 
they correspond to. However, the presence of multiple references that don’t always agree with 
each other is problematic. De novo transcriptome assembly, which doesn`t use an annotation, is 
possible though it constitutes a more daunting task without guaranteeing better results (Hölzer 
and Marz, 2019; Salzberg, 2019; Ungaro et al., 2017). Once again, many tools are available for 
alignment as well with different properties, with a popular aligner being the “ultrafast” STAR 
(Dobin et al., 2013). Beyond its alignment speed, STAR is also noteworthy for being one of the 
first competent splice-aware aligner, a property that enables it to align reads belonging to known 
alternative transcripts based on a database of splice-junctions (Gatto et al., 2014; Williams et al., 
2014). Splice-awareness also enables mapping to be done to the genome, which contains intronic 
sequences that aligners such as STAR can account for, instead of aligning to a more biased 
transcript-based annotation (Liu et al., 2018). Regardless of the method used, once alignment is 
complete, the reads can finally be quantified. 
 
CoCo: Count Corrector for Nested & Multimapped Genes 
 
No matter which RNA-Seq protocol is used, our ability to accurately quantify RNA transcripts 
relies on the proper assignment of sequencing reads. This step often relies on the genomic 
annotation used for alignment which has the start and end positions of genes mapped to specific 
nucleotide coordinates. Mapping sequenced nucleotides to those found in the annotation allows 
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us to calculate how many times a region or gene of the genome was transcribed. However, the 
use of annotations presents us with certain biases, notably when trying to quantify small non-
coding RNA (<200 nucleotides) like most snoRNAs. These small non-coding RNAs (sncRNA) 
are often found within the introns of other genes, called host genes, and/or found in many copies 
across the genome (Dupuis-Sandoval et al., 2015). This leads to most tools assigning sncRNA 
reads to their host and/or assigning reads to only one of the multiple mapped regions 
respectively. In both cases, sncRNA reads are being mishandled, leading to under-detection of 
sncRNA. A recently published tool called CoCo, for Count Corrector, addresses this bias and 
correctly reassigns up to 15% of sequencing reads, allowing for a more accurate quantification of 
RNA transcripts (Deschamps-Francoeur et al., 2019).  
 
   CoCo, coupled with TGIRT-Seq, currently stands at the cutting edge for those interested in 
whole-transcriptome RNA-Sequencing, including highly structured, embedded and/or 
multimapped RNAs. One such RNA type that often fits all three criteria is small nucleolar 
RNAs. Although proportional quantification of snoRNAs, along with other RNA types, yields 
incredibly useful information, it is by no means the only type of data that can be leveraged from 
high-throughput sequencing experiments. Adaptations of the methodology beyond straight RNA 
quantification have been elaborated, as seen with high-throughput RNA-RNA interaction 
experiments. 
 
High-throughput RNA-RNA Interaction Studies 
 
Having covered the various canonical and non-canonical interactions involving snoRNAs, we 
turn now to a methodology with the potential to exponentially expand said interactome. Large 
scale RNA-RNA interaction protocols sequence a range of RNA interactions present in a total 
RNA sample. These experiments incorporate crosslinking, which covalently bonds RNA-
interacting strands in the sample with a loop, followed by a degradation of non-interacting single 
strands. Finally, a linearization and sequencing of the RNA duplexes is performed, after the 
ligation of primers for amplification as in standard RNA-Seq. The interacting RNAs are hence 
contiguous in a single strand, and using bioinformatics pipelines, their identity, interaction and 
abundance is recorded (Lu et al., 2018; Sharma et al., 2016). A database regrouping results from 
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multiple RNA-RNA interaction studies with various protocols was published in 2017 under the 
name RISE: RNA Interactome from Sequencing Experiments (Gong et al., 2018). RISE houses 
1671 snoRNA interactions. snoRNA interactors range from the classic rRNAs and snRNAs to an 
abundance of mRNAs, snoRNAs and more. Despite the high potential for discovery of these 
techniques, they can only provide a snapshot of interactions in the cells, which no doubt explains 
the heterogeneous results between different studies. As more of these experiments are conducted 
perhaps with further improvements, an even wider array of potential interactions waiting to be 
confirmed will be available for research. 
 
So, as we can see, the current snoRNA interactome is much more extensive and diverse than 
what was once believed, and this is just the beginning. Modern snoRNA studies are still often 
focusing only on canonical C/D box snoRNA functions, such as the latest paper yielding a 
snoRNA database, which sought to discover new snoRNAs and ascribe them methylation targets 
in rRNA (Jorjani et al., 2016). Turning to PubMed for statistics points to a similar bias (C/D 
snoRNA yields 92 PubMed articles in the last 5 years vs 42 for H/ACA snoRNA. Adding 
methylation and pseudouridylation to those searches brings the numbers down to 46 and 14 
respectively). As more and more research orients itself towards non-canonical snoRNA 
functions, more of their so far unknown yet critical roles will likely emerge and further our 
understanding of RNA biology and health. To help pave the way towards such a future, an 
updated and holistic snoRNA database regrouping the wealth of available information is needed.  
 
Databases 
 
Databases are powerful tools for storing, organizing and searching through large quantities of 
data. We are often most familiar with online visual representations of databases. However, these 
often give limited searching powers compared to the actual database engines used in the back-
end of the website. That is because many of these databases use a relational database 
management system (RDBMS) with SQL (Structured Query Language) to manage some or all of 
their data.  
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SQL & Relational Databases 
 
SQL with its simple almost didactic syntax is a powerful tool for easily writing and executing 
queries to glean insight into and further organize large datasets (Rice et al., 2004). In contrast, 
online search engines must be individually programmed and tailored to fit specific needs which 
often leads to fewer options being considered to save time while data is made readily 
downloadable for import into one’s own database management system for more extensive study. 
RDBMSs also allow for easier cross-referencing and hence large-scale studies of large datasets 
from multiple sources so long as they have a common unique identifier (ID) to link data entries 
across platforms together. These IDs are called primary keys when they are unique, and when 
two datasets imported into a relational database have compatible primary keys, the data they 
each contain can easily and selectively be joined together according to what is called a one-to-
one relationship (Figure 4A). Database nomenclature also has us calling datasets inside a 
database ‘’tables’’. When two tables share common columns, but one table’s primary key is 
duplicated with distinct row information, we have what is called a one-to-many relationship, 
which can usually be treated as simply as a one-to-one join (Figure 4B). However, if identical 
identifiers are non-unique in both tables, we must deal with something called a many-to-many 
relationship (Figure 4C) which is slightly messier (Ferreira and Takai, 2007). The most common 
approach to ‘’solve’’ these relations involves breaking up the tables into sub-tables with unique 
identifiers and then joining relevant information when needed, but several other context 
dependent methods can be employed (Figure 4D). For example, such alternative methods include 
joining on multiple columns that add-up to a composite primary key, aggregating linked rows 
together into delimiter-separated strings or arrays, pivoting the table on a column`s reoccurring 
data categories before the join, if one desires to have new columns based on those categories, and 
then performing a one-to-many join, etc. In short, dealing with large heterogeneous datasets 
inevitably gives rise to unwieldy relations between tables that SQL, or other database languages, 
help us programmatically sort out. 
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Figure 4: Data Models Found in Relational Databases 
A) One-to-one relationship: A country has only one capital city and a capital city belong to only 
one country. B) One-to-Many relationship: A book has several pages, and those pages belong to 
the same unique book. C) Many-to-Many relationship: A book can be written by many authors, 
and an author can write many books. D) Common approach for dealing with Many-to-Many 
relationship: insert a junction table between them upon which a simpler One-to-Many join can be 
performed. 
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The State of Human snoRNA Data Online 
 
Information on snoRNAs can be found in various online resources, as well as scattered across the 
literature. This, as with any other field of research, makes it difficult to obtain an accurate 
overview of our current knowledge on snoRNAs without spending tens or hundreds of hours 
reading research articles. Even for those who have accomplished this, staying on top of an ever-
growing body of literature, as well as quickly recalling specific information on certain snoRNAs, 
becomes a seemingly impossible feat. This no doubt explains the plethora of online databases 
that exist for various subfields of research today. However, when it comes to snoRNAs, existing 
databases are out-of-date, incomplete or too narrow in scope to provide an accurate picture of the 
current snoRNA landscape. We believe desirable information in a modern snoRNA database 
includes: snoRNA names, genomic locations, sequence, host gene information, conservation, 
interactors and abundance across various tissues/cell lines (Figure 5).   
 
snoRNABase 
 
Published in 2006 (Lestrade and Weber, 2006) and last significantly updated in 2007, 
snoRNABase stands as the earliest database of human snoRNA. Cataloguing nearly 500 
snoRNA entries and logging data ranging from box-type, structure, sequence, targets, host genes 
and referencing early articles the snoRNA is mentioned in, it served as a great resource for its 
time. However, snoRNABase isn’t built upon a relational database model, which confers it a 
rather static nature, and making it much harder to periodically update or add/extract large 
amounts of data. Unsurprisingly then, over a decade after its publication, it exists more as a 
snapshot of the past which must be cross-referenced with new findings to ensure completeness 
and veracity of information. 
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Figure 5: Pertinent Information in a snoRNA Database 
Tables showcasing a non-exhaustive list of pertinent data entries to be found in a modern 
snoRNA database, and the coverage, or lack thereof, of this information in existing snoRNA 
databases. “✓” equals good coverage, “ ” means information is present but incomplete or out of 
date, and “✗” signifies data is either totally absent, inadequate, or severely outdated.  
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snOPY 
 
Snoopy is an iconic comic-strip character created by Charles M. Schulz in 1950. The black and 
white beagle of the Charlie Brown universe probably inspired the name of the 2009 orthological 
snoRNA database snOPY with the site’s url actually being spelled snoopy. Much like the 
character that seemingly inspired it, this database has a simple, focused design. snOPY 
showcases over  
16 000 snoRNA orthologues across 35 species, which were found by performing sequence 
alignements of canonical snoRNA targets, from the 35 species, using ClustalW. Known snoRNA 
modification sites were then added to the alignments and matching sites qualified the snoRNAs 
that guide them as orthologues (Yoshihama et al., 2013). The database features data on snoRNA 
box-types, host genes and canonical targets in searchable tables divided by species. It holds 761 
human snoRNA entries though strangely, some bear names not found in any other sources. 
Thankfully snOPY is still being updated and has been linked to RNAcentral, a database covering 
all non-coding RNAs sequences, which facilitated linking obscure snOPY entries to entries 
found in other resources based on sequence. This also made fetching data from snOPY more 
convenient since there is no good way to download the data they provide, unlike with 
RNAcentral (Yoshihama et al., 2013). 
 
snoRNA Atlas 
 
The most recent human snoRNA database, snoRNA Atlas, was published in 2016 and was 
seemingly never updated thereafter. It reanalysed small RNA-Seq data from the ENCODE 
project (Davis et al., 2018) to establish constitutive and cell type specific snoRNA expression. 
They later cross-referenced expression data with genomic prediction of snoRNA loci obtained 
with specialized tools and found new snoRNAs. Finally, the researchers also sought to find novel 
snoRNA methylation sites in rRNA using their new RIMSeq approach. Unfortunately, the 
ENCODE data they used wasn’t obtained using TGIRT-Seq to correct for RNA-Seq’s inherent 
structural bias, and they also did not use CoCo or any comparable means of accounting for multi-
mapped and embedded snoRNAs. What’s more, they used an outdated genomic assembly, hg19, 
in their analysis which contains less information than its updated counterpart, hg38, and hence 
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creates needless frictions for the comparison of their data with up to date resources. Although 
they claim to have analysed different tissues and cancer cell-lines, only a single expression 
column (with no units) is shown in their database along with hg19-related location data, box 
types, conservation data and mostly canonical target data (Jorjani et al., 2016). 
 
General Databases 
 
Having mentioned RNAcentral as a general database on all types of non-coding RNA, one might 
wonder if the reason no adequate snoRNA database has emerged is because general resources are 
good enough to fulfil the community’s needs. Indeed, RNAcentral houses a lot of useful data 
from a plethora of sources such as the previously mentioned snOPY (RNAcentral Consortium, 
2019). Another useful resource integrated into RNAcentral is Rfam, a database of ncRNA 
families. Rfam uses automated software to analyze structural alignment data that they then feed 
to a covariance model to find homologues of known ncRNA which they call families. While this 
method yields a lot of data, much of it seems to be false positives with little to no expression data 
supporting their existence so far (Kalvari et al., 2018). Nevertheless, considering that modern 
sequencing protocols have only recently been established that correctly detect many instances of 
ncRNA, Rfam presents an interesting predictor of ncRNA families based on sequence, structure 
and potential functional similarities. 
 
   However, while RNAcentral is a fantastic database, it does not describe itself as being all 
encompassing, choosing instead to specifically brand itself as a database of non-coding RNA 
sequences. The information it provides hence gravitates around information such as where 
sequences are in the genome, and their conservation in other organisms, while linking to other 
sites housing information on each sequence, and more recently what structures these sequences 
likely fold into. This means pertinent data specific to snoRNAs, such as what box motif they 
possess, if their sequence overlaps with another gene called a host gene, what interactions the 
snoRNAs might have, or their expression levels in various tissues or cell lines, is completely 
absent because it is out of RNAcentral’s scope. Looking at other big general resources we see 
they also fall short with regards to the snoRNA data they provide, and cannot be said to serve as 
a well-rounded and practical information hub on the subject. To mention only the biggest one 
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among them, Ensembl, which provides similar data to RNAcentral while also providing a means 
of evaluating the confidence in transcript expression through its transcript support level system 
(Zerbino et al., 2018). However, this system is only applicable to protein-coding genes and 
pseudogenes. So again, while these databases stand as great sources of information, none of them 
provide enough depth of information on snoRNAs to help further research into both canonical 
and non-canonical snoRNA functions. 
 
In summary, there is a wide range of snoRNA functions in humans, but information on them, and 
on snoRNAs in general, is scattered across the literature and in databases. The specialized 
databases are mostly outdated and isolated from each other and fail to catalogue the extent of 
known snoRNA sequences, their level of expression in various tissues, as well as their emerging 
functions. Considering all the fields in which human snoRNAs have been found to be 
functionally relevant, we believe a new, updated database of human snoRNAs would prove 
invaluable for the scientific community at large.  
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Hypothesis 
 
snoRNAs have been attributed previously unsuspected functions for over a decade now ranging 
from the regulation of alternative splicing, chromatin structure, mRNA abundance, as well as 
being implicated in various diseases. These discoveries were often happened upon by researchers 
that did not have specific interests in snoRNA. There still exist snoRNAs that have no known 
function, and so far, only a handful of them have been attributed non-canonical functions. 
snoRNAs’ most well-characterized function might play a role in ribosome heterogeneity, a novel 
concept with potentially big implications in stress response and development. This leads us to 
believe that we have only seen the tip of the iceberg when it comes to the snoRNA interactome. 
Unfortunately, current snoRNA databases feature little to no data on non-canonical functions, 
while also lacking other relevant information or features. Taken together, these facts outline the 
need for a better and updated online snoRNA resource to help further research into snoRNAs. 
 
Objectives 
 
Objective #1 
Gather pertinent snoRNA related data from specialized and generalist resources alike and 
organize it all into the lab’s PostgreSQL database. 
 
 
Objectif #2 
Connect the organized data to a web framework to publish it online and integrate various plugins 
to create a sleek, interactive and easy to use database that enables users to selectively view and 
extensively query large amounts of data that can also be downloaded and easily updated over 
time. 
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ARTICLE  
snoDB: an interactive database of human snoRNA sequences, abundance and interactions 
 
Authors: Philia Bouchard-Bourelle, Clément Desjardins-Henri, Darren Mathurin-St-Pierre, 
Gabrielle Deschamps-Francoeur, Étienne Fafard-Couture, Jean-Michel Garant, Sherif Abou 
Elela, Michelle S Scott 
 
Status:  Published   (Bouchard-Bourelle P, et al., snoDB: an interactive database of human 
snoRNA sequences, abundance and interactions, Nucleic Acids Research, gkz884, 
https://doi.org/10.1093/nar/gkz884) 
 
Foreword: My participation in this work encompasses the gathering of most of the data and their 
organization in a relational database. The code to link the database to a web framework had 
already been written by my predecessor Darren, but I still had to format outputted data and make 
them available online with the integration of various plugins to create a sleek interactive 
experience that remains easy to update. I also wrote the article with my supervisor Michelle 
Scott. 
 
French Abstract:  
 
Les petits ARN nucléolaire (snoRNA) forment un des types de petits ARN non-codants les plus 
abondants en cellule avec des fonctions qui sont conservées à travers tous les eucaryotes. On 
distingue deux types de snoRNA en fonction de motifs conservés les composant nommés des 
boites : les snoRNA à boites C/D et les snoRNA à boites H/ACA. La fonction leur étant 
principalement attribuée est d’agir comme guide pour la modification de sites spécifiques dans 
l’ARN ribosomal (rRNA) avec des implications dans la biogénèse des ribosomes. Toutefois, de 
plus en plus d’évidences mettent en lumière un éventail de fonctionnalités des snoRNA qui 
dépasse largement leur rôle canonique. Le nombre grandissant de snoRNA, leur expression non-
uniforme dans différents types de cellules ainsi que leurs implications croissantes dans divers 
mécanismes régulateurs cruciaux d’expression génique et d’une panoplie de maladies souligne 
l’importance d’accroitre nos efforts de recherche sur les snoRNA. Afin de faciliter la 
caractérisation de ces petits ARN aux fonctions émergeantes, nous avons mis au point une base 
de données holistique de snoRNA humains intitulée snoDB. Cet outil en ligne consolide 
l’information de plusieurs autres sources sur les snoRNA humains tel que leur séquence, leur 
intéracteurs canoniques et non-canoniques trouvés à travers la littérature et tirés d’expériences à 
haut débit d’interactions ARN-ARN, ainsi que des données de séquençage d’ARN à haut débit 
dans divers type cellulaires qui peuvent être visualisées interactivement. 
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Abstract 
    
Small nucleolar RNAs (snoRNAs) are an abundant type of non-coding RNA with conserved 
functions in all known eukaryotes. Classified into two main families, the box C/D and H/ACA 
snoRNAs, they enact their most well characterized role of guiding site specific modifications in 
ribosomal RNA, through the formation of specific ribonucleoprotein complexes, with 
fundamental implications in ribosome biogenesis. However, it is becoming increasingly clear 
that the landscape of snoRNA cellular functionality is much broader than it once seemed with 
novel members, non-uniform expression patterns, new and diverse targets as well as several 
emerging non-canonical functions ranging from the modulation of alternative splicing to the 
regulation of chromatin architecture. In order to facilitate the further characterization of 
human snoRNAs in a holistic manner, we introduce an online interactive database tool: snoDB. 
Its purpose is to consolidate information on human snoRNAs from different sources such as 
sequence databases, target information, both canonical and non-canonical from the literature 
and from high-throughput RNA-RNA interaction datasets, as well as high-throughput 
sequencing data that can be visualized interactively.  
 
Availability: http://scottgroup.med.usherbrooke.ca/snoDB/ 
 
 
Key points: 
-snoRNA are non-coding RNA involved in ribosome biogenesis and many diverse other emerging 
functions 
-snoDB is a novel inclusive and integrative human snoRNA database 
-snoDB describes snoRNA sequence, host gene, interaction, conservation and expression data 
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Introduction                                                                                                                                                              
 
Small nucleolar RNAs (snoRNAs) are a conserved class of non-coding RNAs found in all 
eukaryotes and most extensively characterized as guiding site specific post-transcriptional 
modifications in ribosomal RNA (rRNA) (1,2). In addition, a small number of additional snoRNAs 
such as SNORD3 and SNORD118 are known to play a role in the processing and maturation of 
rRNA. Two types of snoRNAs have been described: box C/D and box H/ACA snoRNAs, the 
majority of which are encoded in introns of host genes in human (1,3). Box C/D and box H/ACA 
snoRNAs respectively guide the 2’-O-methylation and the pseudouridylation of their targets by 
direct base pairing. To do so, they require the interaction of core binding proteins, which 
provide stability and the catalytic activity, forming complexes known as snoRNPs (snoRNA 
ribonucleoprotein complexes)(4). In human, 110 rRNA residues are known to be methylated by 
snoRNPs and 100 are pseudouridylated (5) although recent high-throughput sequencing and 
systematic comparative genomics efforts have identified additional likely candidates as well as 
positions that are fractionally modified  (6-9).  
 
While canonical features, functionality and targets of snoRNAs are well-characterized, over the 
past decade, an increasingly large literature has exposed novel and unexpected aspects of 
snoRNA biology. High-throughput sequencing approaches give indications that snoRNAs can 
modify and/or otherwise interact with diverse RNAs including other snoRNAs, transfer RNAs 
and messenger RNAs (mRNAs) (6,10-13). As reviewed in (14), recent years have seen many 
potential novel functions being reported for snoRNAs including the modulation of alternative 
splicing (15-17), an essential involvement in stress response pathways (18-20), the regulation of 
pre-mRNA stability (21) and the modulation of mRNA 3’ end processing (22). Moreover, high-
throughput sequencing approaches and computational pipelines addressing the unique 
challenges of snoRNAs have been elaborated, resulting in more accurate quantification of 
snoRNAs, and simultaneously of their host genes, indicating that the levels of expression of 
snoRNAs cover a wide range and do not always mirror those of their host gene (23-25). The 
improved quantification and increased characterization of snoRNAs has led to increasing 
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numbers of snoRNAs and their host genes found to be involved in diseases. Examples of 
pathologies in which snoRNAs and their host genes play an important role and could be prime 
therapeutic targets include the Prader-Willi syndrome and diverse cancers (26-30). However, in 
many cases, while the involvement of snoRNAs in disease is now known, the molecular 
mechanism is unclear. Such is the case for SNORD118, mutations of which affect the expression, 
processing and protein binding of the snoRNA. But while SNORD118, like most snoRNAs, is 
ubiquitously expressed, germline mutations cause specific neurological phenotypes (31). The 
wealth of knowledge and data describing snoRNA biology requires careful management and 
integration to facilitate easy access and assimilation by the community. Unfortunately, much of 
the information regarding snoRNAs is disorganized, disseminated through disparate online 
platforms and peppered in the literature. For example, many RNA-RNA interactions have been 
detected for SNORD118 (11-13) and could be important to characterize the molecular 
mechanism of its involvement in disease, but mining them from high-throughput datasets from 
the literature is not straightforward. A central snoRNA resource would considerably facilitate 
the characterization of snoRNA functionality and involvement in disease. 
 
Three dedicated snoRNA resources are currently available for human: snoRNAbase (5), snOPY 
(32) and snoRNA Atlas (33). However, these resources have either not been kept up to date with 
the new snoRNA genes annotated, new interactors and functionalities, or have a different scope 
(for example, snOPY is a database of snoRNA orthology). With so many key regulatory features 
emerging as intrinsic snoRNA functions, there is a pressing need to unify the scattered data 
currently available on human snoRNAs in order to optimize future research endeavors. The 
online interactive snoRNA database we propose, snoDB, aims to do that and more. Indeed, 
integrating available data is of great importance but snoDB further aspires to consolidate the 
above information with curated peer-reviewed high-throughput data in an effort to lead and 
incite research in the further characterization of the human snoRNA landscape in health and 
disease. 
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Database Content 
 
SnoDB is based on the human hg38 reference genome assembly. It aims to be inclusive and 
integrate gene annotations and a wide diversity of features from all relevant available databases 
(Table 1). SnoRNA gene annotations were obtained from RefSeq (34), Ensembl (35) and 
RNAcentral (36), which in turn provides annotations from snOPY (32) and Rfam (37). Careful 
manual curation was carried out to consolidate the annotations and to ensure no snoRNA 
entries share exact same genomic coordinates. When different names are employed for a given 
snoRNA gene, the RefSeq name was used by default, but if absent, the RNAcentral or the 
Ensembl names were used. In addition to the gene symbol, genomic coordinates and gene 
sequence, all additional names obtained from the HUGO Gene Nomenclature Committee 
(HGNC) (38) are available in the ‘synonym’ column, and all identifiers of all above databases are 
provided as links. snoDB houses 2064 human snoRNAs, integrating the annotations of the above 
databases. In contrast, the other main snoRNA-centric resources, snoRNAbase (5), snOPY (32) 
and snoRNA Atlas (33), contain respectively 402, 760 and 1118 human snoRNAs (Table 1).  
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Table 1: Features of human snoRNA databases 
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a In snoDB, links are provided to snOPY and Ensembl orthology pages when available and 
conservation data were obtained from snoRNA Atlas. 
b Host gene characteristics: N: name; B: biotype; C: genomic coordinates; A: biological process 
annotation. 
c Non-canonical target data are supported by articles in the literature (L) and by links to the RISE 
database (R). 
d For snoRNA Atlas: E indicates amalgamated expression values from ENCODE. For snoDB: all 
expression values were obtained using the low structure bias TGIRT-seq methodology. O: 
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normal human ovary; P: normal human prostate; T: normal human testis; L: normal human liver; 
S: SKOV3ip1 human ovarian carcinoma cell line. 
 
The snoRNA features that are available for display in snoDB also include host gene 
characteristics with a link to the Ensembl entry, the biotype, synonyms if relevant and genomic 
coordinates. In addition, snoDB features conservation data from snoRNA Atlas (33), orthology 
data from snOPY (32), snoRNA target data with enrichment details in select tissues from the 
human protein atlas (39) when available and expression data (Tables 1 and 2). Target data 
include known targets in rRNA annotated in snoRNAbase (5) and rRNA targets confirmed by 
RiboMethSeq (8). Non-canonical interactors that were experimentally validated in the literature 
are also included and links to the articles are available. These studies include (11,15-17,21), as 
described in the introduction. Finally, RNA-RNA interaction data were incorporated from the 
RISE:RNA Interactome, a database compiling results from multiple high-throughput RNA-RNA 
interaction studies (40) with the name and biotype of all RISE interactors being available. Levels 
of abundance of both snoRNAs and their host gene measured in various human tissues and cell 
lines using a low bias RNA-seq approach are also available as obtained from (23) and GEO 
entries from GSE126797. The snoDB back-end is built in PostgreSQL (9.5.1) as a relational 
database which is integrated into the Django web framework (1.6.5). 
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Table 2: Characteristics of snoRNAs in snoDB 
 
 box C/D box H/ACA Other Total 
All snoRNAsa 1391 651 22 2064 
Distinct snoRNA symbolsb 461 246 21 728 
Intronic snoRNAs encoded in host 
genes 
423 318 3 744 
Intergenic snoRNAs 968 333 19 1320 
snoRNA-target pairs 1471 616 31 2118 
 snoRNA-rRNA target pairs 481 255 2 738 
 snoRNA-snRNA target pairs 113 64 7 184 
 snoRNA-noncanonical 
target pairsc 
877 297 22 1196 
snoRNAs with transcriptomic data 524 469 3 996 
 
a All snoRNAs include snoRNAs with the same name and/or sequence but encoded in different 
genomic loci.  
b Counts every snoRNA symbol only once. Some snoRNAs bear the same symbol but have 
different IDs based on differences in their sequence and in the loci in which they are encoded or 
the length of their sequence. 
c Non-canonical targets of snoRNAs include mRNAs and genomic regions not known to encode 
annotated genes. 
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Web Interface 
 
The main page of snoDB is divided into four sections: 1) as shown in Figure 1A, the top of the 
page displays snoDB’s logo adjacent to a search engine for snoRNA names. Immediately below 
the logo, a switch allows to toggle snoDB’s sister tool snoTHAW (snoDB Table Heatmap 
Arrangement Widget), which enables the interactive visualization of abundance values of 
snoRNAs and their host gene.  To the right of the logo can be found links to additional 
information pages on the database in the ‘About’, ‘Tutorial’, ‘Statistics’ and ‘Experiment details’ 
sections, as well as a link to a download page. 2) The section directly below (shown in Figure 
1B) features a menu bar with options related to the table. Clicking on ‘Column Options’ reveals 
a set of buttons with 3 kinds of functionalities: toggling the visibility of single columns using the 
column visibility button, toggling the visibility of column groups using the color-coded buttons, 
and downloading data in either TSV, BED or XLSX file formats based on currently visible or 
selected rows in the table. The ‘Advanced Search’ option reveals 5 search bars that are specific 
to certain groups of columns as noted by their placeholder text and outline colors. The ‘Reset 
Filters’ option erases all filtering currently active on the table, whether it is from the topmost 
main search, the advanced search bars or the column specific search boxes in the table itself. 
This option, along with the ‘Refresh Table’ option that follows it, exist because the state of all 
search inputs, column visibilities and row selections are saved upon refreshing the page. Hence, 
‘Reset Filters’ facilitates the clearing of all search fields without needing to refresh the page 
while ‘Reset Tables’ reloads the page back to its default state. 3) Below the options menu, the 
main table dynamically displays the snoDB data (Figure 1C). 4) The bottom of the page reveals 
snoTHAW when the switch at the top of the snoDB page is toggled. snoTHAW enables the 
visualization and interaction of RNA-seq expression data contained within snoDB (Figure 1D and 
Figure S2). Currently expression data are displayable for four healthy tissues (breast, liver, ovary 
and prostate) as well as the SKOV3ip1 ovarian cancer cell lines. In addition, box type, 
chromosome and conservation data also found in snoDB can be displayed on the heatmap’s y-
axis with the ability to re-order the columns and rows based on these features or based on the 
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expression data to suit the user’s needs. All available expression data in snoDB was generated 
using the TGIRT-seq approach which allows accurate quantification and comparison of all 
cellular RNAs including highly structured and modified RNAs such as snoRNA (23-25), as 
described above. As more such datasets become available, they will also be incorporated in 
snoDB. 
 
The main page features three levels of querying capabilities. The first consists of a single search-
box which lies to the left of the snoDB logo atop the page (Figure 1A). Clicking and/or typing 
into this area reveals a drop-down menu comprised of all snoRNA symbols which reside in the 
table’s first column of the same name. Multiple symbols can be selected making this a quick 
and easy way to access information on a few snoRNAs of interest. The second consists of the 5 
previously mentioned search boxes located above the table upon clicking on the ‘Advanced 
search’ option. From left to right, the first one searches through the snoRNA symbols and 
synonyms columns, the second through all the external ID columns, the third through host 
symbol and synonyms, the fourth through target columns and the fifth and final search box is a 
global search covering the entire snoDB dataset. The first four search boxes operate on an 
exact-match basis while the global search supports partial search terms. All five search boxes 
support regular expressions as well as multiple space-separated terms making copy-pasting 
columns from a spreadsheet into an appropriate search engine an easy way to view numerous 
specific snoRNA entries. The third searching strategy is found within the table itself and 
provides individual column searching capabilities on select columns and it also supports 
multiple inputs.  
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Figure 1. Screenshot of the main page of snoDB displaying the site's four sections. (A) The snoDB logo, basic search engine 
and links to information pages. (B) A menu bar with options to control the content and appearance of the table. (C) snoDB’s 
main table where data are displayed and can be interacted with. By default, all 2064 snoRNA entries are shown by scrolling 
down. (D) The snoTHAW interface with the heatmap visualization beneath. 
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In addition to the interactive viewing and querying of columns, snoDB’s main table contains the 
following features: a frozen first column for seamless horizontal scrolling through many 
columns, row selection upon click for visual highlights and as a means of input into snoTHAW, 
drag-and-drop column re-ordering, column sorting and an abundance of external links to 
corresponding snoRNA entries in other databases. All of these functionalities are described in 
the ‘About’ page as well as through interactive examples in the Tutorial (Figure S3). 
 
While having all data selectively displayable in a single interactive table is a great convenience, it 
can also be impractical when one wishes to view all data for a single entry without needing to 
horizontally scroll back and forth. Therefore, clicking on any snoRNA in the ‘Symbol’ column 
opens a new tab to a page displaying all available information on that entry in a vertical format 
(Figure S4). These individual data hubs are divided into familiar sub-sections and feature 
external links to all previously mentioned sources along with additional links for interaction 
data, all of which can be searched through using the individual column search engines present.  
 
Conclusion and Future Plans 
 
The snoDB interactive web application is a holistic relational database which consolidates 
diverse information regarding human snoRNAs from key sources, curated articles and datasets 
in an attempt to facilitate further research in the field of snoRNAs. Along with minor periodic 
updates, additional high-throughput datasets will be incorporated in snoDB as they become 
available.  
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RESULTS 
 
snoDB’s Data: Which Data from Which Sources 
 
Far from being a simple data aggregator, snoDB nevertheless consolidates data from an 
abundance of sources. Identifying which sources to gather which data from, and subsequently 
formatting and unifying all this information in a relational database, proved to be more of a 
challenge than anticipated. 
 
Names, Synonyms & snoRNABase IDs: HUGO Gene Nomenclature Committee (HGNC) 
 
HGNC was founded in 1979 and remains to this day the only recognized authority on human 
gene nomenclature (Braschi et al., 2019; Shows et al., 1979). By standardizing the nomenclature 
while conserving records of previous names and notable synonyms, they quickly became a 
crucial resource for the interoperability of other databases (Wain et al., 2002). HGNC eventually 
integrated snoRNABase IDs linking them to its roster of other resources like Ensembl, 
RNAcentral and the UCSC genome browser, which were previously detached from the snoRNA 
database (Casper et al., 2018; Lestrade and Weber, 2006; RNAcentral Consortium, 2019; Seal et 
al., 2011; Zerbino et al., 2018). This collaboration also helped to establish the familiar SNORD# 
and SNORA# nomenclature for snoRNAs, with SNORD being used for box C/D snoRNAs and 
SNORA being used for box H/ACA snoRNAs, though exceptions to this rule remain (Seal et al., 
2011). HGNC focuses its effort on confirmed genes, which is why they number fewer snoRNA 
entries than resources integrating predicted genes such as Ensembl. This also means that many 
snoRNAs found in snoDB do not conform to HGNC’s naming scheme. Given how widespread 
in use many older gene names are across the literature, exporting HGNC synonyms, for 
snoRNAs and their host genes, contributes to snoDBs greater usability. 
 
Genomic Annotations: RefSeq/NCBI & Ensembl 
  
In short, Ensembl and RefSeq are renowned public databases providing sequence information as 
well as their own genomic annotations. Similarly to HGNC, RefSeq/NCBI concentrate more on 
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experimentally validated genes while Ensembl features more predicted genes (Braschi et al., 
2019; Haft et al., 2018; Zerbino et al., 2018). There are many more differences between the two 
but of fundamental interest to us is that these translate to Ensembl having about twice as many 
annotated human snoRNAs, and that all snoRNAs in RefSeq are not found in Ensembl. Some of 
these differences are slight, like a snoRNAs coordinates being shifted by one or two nucleotides 
while still having the same name. However, many entries are exclusive to both resources. 
Therefore, the annotation file used for our TGIRT-Seq experiments is largely composed of genes 
found in Ensembl with some exclusive to Refseq to broaden the amount of snoRNAs covered. 
Nevertheless, snoDB has shown us that there are many more snoRNAs whose expression have 
yet to be studied, meaning the annotation should be updated for future analysis. 
 
Annotations & Cross-Reference Identifiers: RNAcentral 
 
RNAcentral is the biggest database of ncRNA sequences (RNAcentral Consortium, 2019).  
It integrates information from all previously named databases i.e. HGNC, RefSeq/NCBI and 
Ensembl in addition to snOPY and Rfam (RNAcentral Consortium, 2019). However, to build 
snoDB, data from those databases was still taken from their respective sources, when possible, 
instead of relying solely on RNAcentral to ensure cross platform accuracy. In so doing, minor 
errors, discrepancies and updates were found between the databases. We communicated with the 
resources in question who promptly corroborated our findings and made changes accordingly. 
Namely, we communicated with HGNC on two occasions to inform them they listed obsolete 
RefSeq identifiers for some snoRNA entries. The updated RefSeq ID for SNORD73B now listed 
it as being expressed, something our own TGIRT-Seq data also supports, prompting HGNC to 
remove the pseudogene tag they had previously ascribed to it. Minor issues were also found and 
signaled to RNAcentral such as snoRNA names for entries with only RefSeq IDs not being 
displaying on the website, as well as a single entry listing coordinates that should correspond to a 
135 base long sequence but which listed a 137 base long sequence. 
 
Some resources centered on names, like HGNC, group together Ensembl IDs and RefSeq IDs 
which have slight coordinate shifts. Meanwhile, RNAcentral’s database architecture confers 
unique identifiers to every distinct snoRNA sequence. However, some snoRNAs with the same 
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sequence can be found in multiple locations across the genome, with those different locations 
sometimes bearing different snoRNA symbols. RNAcentral has nevertheless chosen to pool 
together snoRNAs with identical sequences and list their different locations under one identifier. 
This strategy differs from the one taken to build snoDB, which provides different identifiers to 
each snoRNA locus, even if its annotated sequence is identical to that of another locus. We 
believe this to be a better approach in our case for 3 reasons. 1) Sequencing reads sometimes 
don’t overlap with genomic annotations meaning so-called identical sequences might in-fact be 
distinct, thought simply not listed as such in any current gene annotation. This is why we use 
CoCo for the assignment of our sequencing reads as it is the only tool to currently look at 
flanking reads to better match reads to the genome. In the case where the reads truly can be 
mapped to multiple locations, CoCo is also the only tool to equally divide reads, instead of 
giving them all to a single one of the two or more “copies” across the genome or discarding them 
altogether (Deschamps-Francoeur et al., 2019). 2) snoDB’s current data structure is better-suited 
to displaying genomic loci data, and host gene data, in table form, something RNAcentral needs 
not concern themselves with. Indeed, were we to list multiple snoRNA loci under a single entry, 
the host gene columns and genomic location columns would be an overcrowded mess. We 
decided early into snoDB’s development that we wanted to be able to cleanly display all 
information on snoRNAs in a big interactive table, to allow for the viewing and comparing of 
many data entries at a time. As such, we chose a data structure that allows for this type of 
display, which we prefer over the conventional emphasis on individual pages as seen with 
RNAcentral, Ensembl, Refseq, HGNC, etc. 3) The current state of snoRNA data online is more 
accurately represented by a loci-based data structure instead of a sequence-based one, as seen 
with the interaction database RISE. RISE lists different interactors for snoRNAs with identical 
sequences. For example, SNORD103A & SNORD103B share the same sequence yet only a 
single target is featured in RISE for SNORD103B vs 7 targets for SNORD103A. This is most 
likely a result of the problems with read assignment tools mentioned earlier, since the RNA-
RNA interaction studies that produced the data contained in RISE used RNA-Sequencing but did 
not use CoCo. Of note, SNORD103A & SNORD103B also have different Ensembl IDs. Future 
updates of snoDB would benefit from interaction data being listed according to sequence rather 
than assigned using the identifiers listed in their study of origin.   
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RNA Interactions: snoRNABase, RISE, the Literature & the Human Protein Atlas 
 
   Information relating to canonical and non-canonical snoRNA interactions were downloaded 
from snoRNABase, several studies as well as from RISE (RNA Interactome from Sequencing 
Experiments). As its name implies, RISE catalogues RNA interaction data from high-throughput 
RNA-RNA interaction sequencing studies and its data are therefore predictions (Gong et al., 
2018). However, such is the case with many snoRNA interactions regardless of their source, as 
few have been thoroughly validated beyond their possible base paring with rRNA (Dudnakova et 
al., 2018). Having a wide array of predictions from various independent sources therefore 
increases our confidence in those which can be traced to multiple resources. The community 
would certainly benefit from the painstaking curation efforts required to source all validated 
snoRNA interactions. However, this undertaking has not been attempted since snoRNABase, 
whose sources can unfortunately not be programmatically extracted (Lestrade and Weber, 2006). 
 
   As such, snoDB links back to all of the sources from which interaction data were taken, as seen 
on individual snoRNA pages in the “Interaction Data” section (Bouchard-Bourelle et al., 2019, 
Figure S4), giving users the means to assess how data was generated and ascribe them weights 
accordingly. To be able to list multiple sources in the in a single column online, sources were 
codified with a series of numbers with unique additions (1, 2, 4, 8, etc…). Summing up these 
numerals for each row will always correspond to a unique set of references associated to each 
target, which in turn allows us to program the display of sources accordingly (ex: 8= RISE, 1 + 8 
= 9 = snoRNABase + RISE, etc…). 
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 Figure S4: Screenshot of a detail page for SNORD88C. Basic information about the snoRNA 
itself populates the first table (Synonym, box type, conservation, orthologue and genomic 
sequence) with subsequent tables being specific to one type of data (External IDs, Host gene, 
Interactions and Abundance data). Individual search engines like those found in snoDB’s main 
table are available in certain columns in the interaction and abundance tables. 
 
   Some manual curation of the literature was performed to specifically extract validated non-
canonical snoRNA interactions, as they are underrepresented or even absent from previous 
databases. Many articles were found implicating snoRNAs in diseases, oxidative stress, the 
regulation of gene expression through various mechanism such an alternative splicing, chromatin 
organization, miRNA and piRNA derived fragments mediated mRNA silencing and decay, etc 
(Chu et al., 2012; Falaleeva et al., 2016; Kishore and Stamm, 2006; Michel et al., 2011; Ono et 
al., 2011). In particular, the literature surrounding diseases and snoRNAs as well as their host 
genes is extensive. Much more curation in this area would be required to integrate a disease and 
mutation section into snoDB. For now, over twenty non-canonical interactions feature in snoDB, 
with their implications and source being listed and linked in the “Function” column of the 
“Interaction Data” section on individual snoRNA pages  (Bouchard-Bourelle et al., 2019, Figure 
S4). 
 
   This is in addition to the thousands of other interactions found in snoDB. They were too 
numerous to be effectively displayed in a single column in the main table, as many snoRNAs 
have multiple potential interactors. Thus, interaction data were pivoted using biotype 
information, which spreads interactors for every snoRNA between 10 categories. This further 
allowed us to highlight which snoRNAs have canonical and non-canonical interactors in the 
“Target types” column based on whether they have rRNA/snRNA targets or other types of 
targets.  
 
   Nevertheless, improvements are always possible and snoDB would benefit from developing 
the means to visualize interactions, as is currently the case for TGIRT-Seq expression data 
thanks to snoDB’s sister tool snoTHAW (Bouchard-Bourelle et al., 2019, Figure S2). For 
interactions however, instead of heatmaps, we could envision an interactive functional network 
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similar to what can be achieved with protein coding genes through STRING (Szklarczyk et al., 
2019). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2: Screenshot of the heatmap visualization section of the snoTHAW tool. snoTHAW 
displays all selected snoRNAs as rows (A) and all selected datasets as columns (B) in the 
rendered heatmap. Clicking on the Row Swap and Column Swap buttons (C) enables dynamic 
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re‐ordering of the heatmap. Operations on the heatmap are further facilitated using the 
Undo/Redo (D) and the Reset (E) buttons. If the user scrolls over the heatmap, characteristics of 
the current cell will be displayed to the right of the heatmap (F). The color legend of the heatmap 
is provided in (G). Characteristics of the snoRNAs including the box type, chromosome on 
which they are encoded, and conservation level can be added as additional columns (H) and 
doughnut charts displaying statistics of these characteristics are provided in (I). The heatmap can 
be downloaded (J). 
 
In-House Data: TGIRT-Seq Datasets & Host Genes 
 
It has by now been made abundantly clear that TGIRT-Seq currently stands as one of the best 
means of quantifying highly structured ncRNAs including certain snoRNAs while not 
compromising the detection of other RNA types (Boivin et al., 2018a). Unfortunately, the novel 
nature of the technique means relatively few publicly available TGIRT-Seq datasets exist yet. 
Thankfully, we can generate our own TGIRT-Seq data, with more datasets than what currently 
features in snoDB already on the way. This information is key to helping us understand and 
uncover preferential expression in certain tissues, as well as in a wide variety of potential disease 
or stress conditions, for both snoRNAs and their host genes. In addition, these data contribute to 
validating the existence of predicted snoRNAs at certain loci and would benefit from being 
extended to cover snoDBs entire catalogue in time. 
 
   The same is true of snoRNA host genes. Scripts from a past project in our group were used to 
gather information on the overlap of genes with snoRNAs and with snoDB now having exposed 
us to the wider potential array of human snoRNAs, these analyses should be done once more to 
update the host gene catalogue. Information on their function in tandem with their expression 
levels, which often don’t correlate with the snoRNAs they host, will undoubtedly prove useful as 
the literature surrounding the involvement of snoRNA host genes in diseases continues to expand 
(Liao et al., 2010; Ronchetti et al., 2012; Williams and Farzaneh, 2012). 
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Conservation: snoRNA Atlas, snOPY & Ensembl 
 
While snOPY is a specialized orthological snoRNA database, they offer no way to download 
their orthological data. Even if they did, showcasing it in a single cell for every snoRNA entry 
could be overwhelming for those snoRNAs with an abundance of orthologues. Meanwhile, 
snoRNA Atlas also houses conservation data which neatly fits into a single column that describes 
up to which evolutionary branch point snoRNAs are conserved. As such, conservation data 
proper were taken from snoRNA Atlas while snOPY’s orthological data can be accessed 
alongside Ensembl’s via links to these resources in snoDB’s table (Jorjani et al., 2016; 
Yoshihama et al., 2013; Zerbino et al., 2018).  
 
Joining Data Together 
 
After gathering information from all previously mentioned sources, their data was formatted and 
exported to our lab PSQL databases into groups of tables by categories. Chief among those 
categories is the table containing all cross-reference identifiers, which enables data from all 
sources to be joined together. However, the consolidation of snoRNA identifiers spanning 
multiple databases with different data structures and annotations required careful consideration. 
We could not, for example, copy RNAcentral’s data structure as we aimed to have each row in 
snoDB represent a single snoRNA for clarity’s sake. Meanwhile RNAcentral often has multiple 
snoRNAs linked to the same ID that share a sequence but differ in the genomic location. In order 
to achieve our desired data structure, and in wanting to represent all sources equally, data were 
joined to confer distinct snoDB identifiers to every snoRNA with a different loci even if those 
loci partially overlap. With the table of identifiers serving as a pillar, all other data categories are 
joined via the common identifiers they contain to form the data table seen on snoDBs main page 
(Figure 6). 
 
    After some reflection, we envision to collapse partially overlapping snoRNA entries in 
ensuing updates to only house distinct snoRNA sequences. This could be achieved by 
prioritizing Ensembl’s more permissive annotation when available over Refseq’s, while still 
logging RefSeq’s or any other annotation’s data in a separate column in condensed form 
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(chromosome:start-end:strand). Further down the line, the use of our own sequencing read 
profile coordinates could be used as a main source to describe snoRNA loci in snoDB. 
 
 
 
 
 
 
Figure 6: snoDBs Database Schema 
Tables showcasing the various data categories and columns found in snoDB into which all 
imported data are formatted. The crow’s feet indicate that a single record in one table is found 
multiples times in the other while the line ( | ) indicates that a single record in one table is also 
unique in another. The key symbols indicate that a column is a primary key and therefore this 
columns data is unique across the entire table. No capital letters are used because they do not 
show-up in our PSQL database. Colors are just there to emphasise the databases from which data 
was taken. 
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DISCUSSION 
 
In this study, we showcase a novel human snoRNA database titled snoDB. Unlike previous 
iterations of this concept, snoDB offers a much richer experience both in term of the data it 
houses and in how said data are displayed in a modern interactive format. Consolidating 
information from a plethora of sources with links to all of them in page, featuring a wealth of 
querying options as well as the means to selectively visualize TGIRT-Seq expression data, in a 
variety of tissues, in heatmap form, snoDB constitutes a holistic resource of choice to help 
further research into the rapidly expanding field of snoRNAs. 
 
What Previous snoRNA Databases Lacked Beyond their Data 
 
In studying the older snoRNA databases for the initial data gathering step of this project, certain 
shortcomings in their design were noted and taken into consideration in order to improve upon 
them for snoDB.  
 
Interconnectedness 
 
The world-wide web is literally an interconnected web of pages that we access over the internet. 
This interconnectedness is its greatest strength as it facilitates the finding and sharing of 
information across time and space. Websites which fail to capitalize on this fundamental asset of 
the medium are therefore quickly buried and forgotten. Connecting one’s scientific resource with 
other sources is not only of paramount importance for visibility purposes; it also increases 
transparency by allowing for the corroboration of information between sources at a mere click. 
What’s more, it facilitates access to features present on other sites to not need to reinvent the 
wheel every time. We were therefore surprised to note that interconnectedness decreased over 
time with snoRNA databases.  
 
   snoRNABase, the earliest human snoRNA database, featured links to pertinent literature and 
general resources like HGNC and NCBI for almost all available entries. It is also linked from 
HGNC, meaning people perusing snoRNA entries on HGNC’s website can find links to 
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corresponding snoRNABase pages when they exist. However, links from snoRNABase to 
HGNC are unfortunately no longer functional. Adding to this, though snoRNABase connects its 
data better externally than other resources, internally, the data featured is disjointed into multiple 
different pages making it difficult to gleam any kind of bird’s eye view or easily draw 
comparisons between entries. 
 
   snOPY, the 2009 orthological snoRNA database focused on conservation, is comparatively 
more self-contained.  Table exists for each species and all the links it contains are internal. On 
the individual pages for each snoRNA entry are sometimes found links to corresponding NCBI 
entries but no other external links are to be found. Which is surprising since snOPY’s data have 
been integrated into RNAcentral. While RNAcentral links matching snoRNA sequences back to 
snOPY, linking them to other databases found within RNAcentral in the process, no individual 
snOPY entries are linked to corresponding RNAcentral pages on the snOPY website. 
 
   The worst offender and most recent of the snoRNA databases published in 2016, snoRNA 
Atlas, features a single external link across all of its pages which is for its entry of TERC 
(Telomerase RNA Component). The link leads to the main page of Telomerase Database which 
was last updated in 2013. This despite listing IDs from Rfam, a database of RNA families, which 
could have very easily been turned into functional hyperlinks. As for its internal structure, 
snoRNA Atlas can at least be commended on having all its data in a single location, as well as 
having individual pages for each snoRNA. The main page puts all the data in a big table which 
also features internal links to interaction profiles. 
 
   Meanwhile snoDB, which can also showcase all its data on its main page, features links to all 
three previously named snoRNA databases as well as to 7 other resources discussed above, when 
available, for each entry. These links are also found on each individual snoRNA page in addition 
to links to the literature for non-canonical interactions and to the human protein atlas when 
protein coding interactors show enrichment in certain tissues. snoDB has also been integrated 
into RNAcentral, the most comprehensive and well established resource for non-coding RNA 
sequences with information on over 16 million sequences from 35 different databases. This will 
undoubtedly expose snoDB to a wider audience over time.  
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Fully Downloadable Data 
 
We have strived to make snoDB’s data online as interactive and extensively queryable as 
possible in the hopes that it can easily be used by anyone. By also providing the option to 
download said data, we enable more informatic-savvy researchers to easily integrate the data into 
their own local databases which, regardless of their flavor, possess far greater querying power 
than any web-based application. This also facilitates cross-referencing of information contained 
in snoDB with the data researchers are currently working with. There are only advantages to 
making published information easily sharable in the scientific community. Yet aside from 
snoDB, only snoRNA Atlas features download files of all its data. snOPY has integrated some its 
contents into RNAcentral but otherwise, the data it lists on its main table must be manually copy-
pasted to be obtained. Meanwhile snoRNABase has a single downloadable table, with its other 
tables needing to be copy pasted to collect their data. Additionally, the very informative 
interaction images found on snoRNABase’s individual snoRNA pages can only be viewed one at 
a time with no batch download options. 
 
Maintainability & Extensibility 
 
Being a great resource of information means very little if said resource is not maintained and 
kept up to date. There are more snoRNA databases that have been published than those that have 
been discussed, but all of these are now inaccessible because their creators did not maintain them 
(Brown et al., 2003; Ellis et al., 2010; Samarsky and Fournier, 1999; Xie et al., 2007).  However 
static maintenance is really the bare minimum as, to remain relevant, an information hub must be 
able to update its preexisting data categories but also extend itself to new areas, in keeping up 
with ongoing research. We obviously do not have access to the back-end code and/or database 
architecture of other snoRNA databases for comparison’s sake, but here is how we went about 
facilitating snoDB’s maintainability and extensibleness. This we hope will show how we can 
easily commit to Nucleic Acids Research’s 5-year maintainability clause for all the tools 
published in its annual database issue, of which snoDB is now a part of. 
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   The maintainability and extensibility in snoDB are both facilitated by a simple yet robust 
PostgreSQL codebase which translates itself to a clear relational database schema. Additionally, 
the database relies on popular, well documented, and regularly updated plugins, for the 
interactive/selective display of all its data on the main page, as well as a few of its querying 
options. 
 
PostgreSQL Code & Tables 
 
Instructions on where/how to access the various FTPs, downloadable files, and public databases 
queries from which snoDB gathers much of its data are all well documented. As is the process of 
formatting said data, with existing scripts, to fit into the various tables described in figure 6. 
From there, it is a simple matter of launching a bash script, which executes a cascade of PSQL 
commands, that updates existing tables with the new information. The relational nature of this 
data scheme makes it trivial to insert a new data category as its own table as long as it contains 
identifiers which can be linked to snoDBs cross-reference ID table. 
 
Front-End Plugins 
 
snoDB relies on third party plugins for the selective display of its data in a single big table as 
well as for some of its querying capabilities, like the individual column search boxes. These 
jQuery plugins, “Datatables” and “Yet Another Datatables Column Filter” (yadcf) respectively, 
are both open-source, are regularly updated and are relatively well documented with a slew of 
pre-existing forum threads on more specific user questions to help with a large range of potential 
applications. This once again adds itself to the snoDB specific documentation, which describes 
the more complex workarounds and what issues they were implemented to address. This 
documentation also contains instructions on how to easily add one or more columns to the table, 
or an entirely new section to the individual snoRNA pages, give them their own individual 
search engine with a few types to choose from, courtesy of yadcf (range selection, multiple 
search, enable regular expressions, etc), create a new page, etc. By relying on well-established 
plugins, snoDB’s codebase has been simplified when compared to what had been coded by the 
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original student who started the project several years ago. As a result, snoDB is easier to 
maintain, update and extend even by someone with rudimentary informatics knowledge.  
  
Taken together, we believe these factors will undeniably contribute to snoDBs longevity and 
relevance as a resource that will not only be easily maintained but also extended over time in 
keeping with the literature and our labs own snoRNA research data. 
 
User Experience 
 
Using third party applications certainly has its benefits, but their use alone doesn’t translate to an 
effective means of displaying data in a comprehensive way. Choosing which plugins and which 
ones of their many features to enable is key alongside forethought as to how data can be most 
effectively presented to users. Additionally, having a clear and concise, yet engaging, way of 
communicating features to users is a crucial, and frequently overlooked, element in scientific 
resources which all too often only offer walls of texts. snoDB approaches this latter point by 
utilizing a presentation framework called “reveal.js”, which facilitates the creation of online 
PowerPoint-style slides with the ability to easily integrate working code into them. This was 
used to create small working examples of the many features found in snoDB, all of which can be  
easily navigated to, and from, thanks to an interactive table of contents that can be reached from 
any page via a corner banner (Bouchard-Bourelle et al., 2019, Figure S3). 
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Figure S3: Screenshot of the Table of Content in snoDB’s tutorial with links to interactive 
showcases of the site’s features and content. 
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   Previous snoRNA databases, and databases in general, shy away from offering the means of 
visualizing large amounts of data, prioritizing instead unitary pages dedicated to each entry, 
while sometimes offering small tables which give limited amounts of information. Yet we are 
becoming more and more interested in the analysis of biological systems in tandem with the 
individual parts that compose them, and our online resources should strive to reflect this 
emerging paradigm (Bard, 2013; Breitling, 2010). This is what motivated snoDB’s modular 
design in terms of data visualization, with data categories and individual columns alike being 
highlighted and easily made to appear, or disappear, in a side-scrolling, re-orderable table, which 
can accommodate all available information. The potentially overwhelming nature of this type of 
display is offset by clear categorization, as mentioned above, but also by the specific columns. 
which appear by default and provide an overview of what each data category has to offer. Online 
scientific applications should aim to be more than simple online repositories where information 
is segregated and can only be easily brought together using database management systems. Even 
though such systems are indeed well suited to large scale data analysis, many people are not 
familiar with their use and we all benefit by making knowledge as freely accessible and 
connected as possible. 
 
What should be Added to snoDB in Future 
 
As previously noted, snoDB doesn’t currently catalogue much information relating to snoRNA 
mutations and diseases. These related but distinct categories of information can be found 
scattered across an extensive body of literature as well as in some databases. These data are 
incredibly synergistic with current interaction predictions and tissue specific expression data 
found within snoDB as exemplified by the case of SNORD118 (U8) and LCC (Jenkinson et al., 
2016). The exclusively neurological phenotype known as LCC, that was shown to arise as a 
result of mutation in both alleles of the U8 snoRNA, could be attributable to the predicted 
interactions U8 possesses with EHD3 and/or ZNF536. Both genes are shown to be specifically 
enriched in the cerebral cortex, according to the Human Protein Atlas, as seen in supplementary 
figure 1 of the article describing snoDB. 
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Figure S1: Case example for the use of snoDB. Jenkinson and co‐ authors reported that 
mutations in SNORD118 lead to leukoencephalopathy with calcifications and cysts (Nature 
Genetics (2016) 48, 1185‐ 92) although the exact molecular mechanism has yet to be established. 
Direct effects on translation were hypothesized as a cause but not yet investigated. This opens up 
the possibility of non‐ canonical interactions of SNORD118 being involved in this brain‐
specific illness. Interestingly, snoDB has integrated RNA‐ RNA interaction data from different 
sources and tissue enrichment data from the human protein atlas indicating that SNORD118 has 
two protein‐ coding RNA targets, EHD3 and ZNF536 with enhanced expression in the cerebral 
cortex. This is one example of how snoDB can lead to new avenues of exploration for 
researchers interested in human snoRNAs.  
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Conclusion 
 
In conclusion, snoDB is a much-needed, modern, interconnected, and holistic online database of 
human snoRNAs. It contains an abundance of data, ranging from potential interactors, to 
conservation data in other species, expression in a growing number of tissues stemming from a 
lower bias TGIRT-Seq approach, and more. The database has been made to be extensively 
interactive yet simple to use, maintain and update, facilitating its future extensibility into other 
areas of snoRNA related research, such as mutations and diseases.  
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